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 The growing market for portable electronic devices and electric vehicles has created an 
increasing demand for state-of-the-art Li-ion batteries. Meanwhile, alternatives to current Li-ion 
batteries are proposed to improve battery safety, energy density, C-rate, etc. Approaches towards 
such alternatives include utilization of novel electrolytes, anode and cathode materials, and metal 
ion charge carriers in the battery system. The work presented here covers the investigation of 
several alternative battery systems. 
 
 Double Layer Structure in Water-in-Salt Electrolytes. Water-in-Salt Electrolytes (WiSE) 
are highly concentrated aqueous electrolytes that are of great interest due to their application 
potential in batteries. The double layer structure of this LiTFSI-based aqueous system is 
investigated on a charged electrode surface. Potential dependent atomic force microscopy (AFM) 
reveals the presence of layers, the structure of which changes with applied potential. Larger 
layers (6.4 Å and 6.7 Å) are observed at positive potentials, associated with [Li(H2O)x]
+([TFSI]-
)y ion pairs, while smaller layers (2.8 Å and 3.3 Å) are found at negative potentials and 
associated with [Li(H2O)x]
+ alone. Vibrational spectroscopy shows the potential-dependent 
compositional change in the double layer, where [TFSI]- is enriched at positive and [Li(H2O)x]
+ 
enriched at negative potentials, respectively. Electrochemical measurements using 
macroelectrodes and ultramicroelectrodes (UME) reveal a surface-confinement effect for a 
ferricyanide redox species at the electrode/WiSE interface. 
 
 Catalytic Effect of Co Nanoparticles in a Sodium-Sulfur Battery. Room-temperature 
sodium-sulfur (Na-S) batteries have aroused great interest due to their high energy density and 
high natural abundance. A new room-temperature Na-S battery system is developed in this work. 
A MOF-derived Co-containing nitrogen-doped porous carbon (CoNC) is utilized as a catalytic 
sulfur cathode host. A concentrated sodium electrolyte based on sodium bis(fluorosulfonyl)imide 
(NaFSI), dimethyoxyethane (DME) and bis(2,2,2-trifluoroethyl) ether (BTFE) is used to 
facilitate reversible Na electrodepostion and mitigate polysulfide dissolution. The amount of Co 
present in the CoNC carbon host is tuned by acid-washing. Significant improvement in reversible 
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sulfur conversion and capacity retention is observed with higher Co-content in CoNC, with 600 
mAh/g and 77% capacity retention for CoNC, and 261 mAh/g and 56% capacity retention for 
acid-washed CoNC at cycle 50 at 80 mAh/g. The catalytic mechanism of Co is investigated. 
Postmortem XPS, TEM and selected area electron diffraction (SAED) reveals that CoS is formed 
during cycling in place of Co nanoparticles. Raman spectroscopy suggests that CoS exhibits a 
catalytic effect on the oxidation of Na2S.  
 
 CoS2 as a Cathode Material for a Non-Aqueous Zn Battery. CoS2 is investigated as a 
cathode material for a non-aqueous Zn battery. A maximum capacity of 283 mAh/g is obtained 
from a Zn/CoS2 coin cell. Compositional study reveals a reversible Zn
2+ intercalation process. X-
Ray photoelectron spectroscopy (XPS) reveals an anionic redox activity mediated by reversible 
interconversions between 2S2- (sulfide) and S2
2- (disulfide), which is the first such known case 
operating in a multivalent system. X-Ray diffraction (XRD) reveals an irreversible phase change 
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Chapter 1: Introduction 
 
1.1 Introduction to Li-Ion Batteries 
 Reducing CO2 emissions from fossil fuel combustion is a major challenge for modern 
civilization. According to the 2021 Inventory of U.S. Greenhouse Gas Emissions and Sinks by 
the U.S. Environmental Protection Agency (EPA), in 2019, 4888.5 million metric tons (MMT) of 
CO2 emissions are produced from fossil fuel combustion in the U.S., which is 96% of the total 
CO2 emissions. Within the CO2 emissions from fossil fuel combustion, 38% and 33% are 
ascribed to transportation and electric power.1  
 To solve the heavy fossil fuel consumption and CO2 emissions of these two energy 
related activities, new energy storage/consumption systems are under development. Electric 
vehicles (EVs) and hybrid electric vehicles (HEVs) have greatly impacted the gasoline-based 
transportation systems, for which batteries are utilized to power electric motors, in place of the 
fossil fuel-consuming internal combustion engines. In renewable energy harvesting systems, 
including wind, solar, geo-thermal, etc., batteries can be utilized for grid application. The spread 
of such combination would reduce the fossil fuel combustion for electricity production.2 
         Since the introduction of the LiCoO2/graphite battery by Sony in 1991, the Li-ion battery 
has been widely utilized in portable electronics, EVs and various other energy storage 
applications.3,4 The Nobel Prize in chemistry in 2019 was awarded to the development of Li-ion 
batteries, in recognition of the contribution of this crucial technology.5 A Li-ion battery offers a 
high gravimetric and volumetric energy density, in comparison with other common battery 
systems, including lead-acid, nickel-cadmium, and nickel-metal hydride batteries (Figure 1.1). It 
also does not suffer from memory effect and has low self-discharge rate.6,7  
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 Figure 1.2 shows the schematic of a Li-ion battery. The main components include a 
graphite anode, a LiCoO2 cathode and a liquid electrolyte. During the discharge process, Li
+ 
leaves/deintercalates from the anode, travels from the anode to the cathode, and 
inserts/intercalates into the cathode. Oxidation reaction takes place at the anode, and reduction 
reaction takes place at the cathode. Electrons flow from the anode to the cathode through the 
external circuit and provide power to a device. During the charge process, external electrons are 
introduced to the battery, and the reverse process takes place.8 
 
 





Figure 1.2. The schematic illustration of a LiCoO2/graphite Li-ion battery.
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 The energy of a Li-ion battery is determined by its voltage V and its capacity/total charge 
Q ( ). Greater battery energy would require increasing the voltage and/or capacity of 
the battery, which are determined by the anode and cathode materials. The voltage of a battery is 
the reduction potential difference between the cathode and the anode. In a typical Li-ion battery, 
the anode material is usually graphite, with a reduction potential of -2.84 V vs standard hydrogen 
electrode (SHE), or 0.2 V vs Li/Li+. The cathode material is usually a lithium transition metal 
oxide (LiCoO2, LiNixMnyCo1-x-yO2, LiMn2O4) or metal phosphate (LiFePO4) with a metal redox 
center, and its reduction potential ranges from 3.6 to 4.2 V vs Li/Li+ (Figure 1.3).10 The 
corresponding voltage of a battery is 3.4 - 4.0 V. Li+ intercalation into metal oxides and metal 
phosphates involves Li+ entering the material, traveling and residing in the vacancies of 
channels/layers within the crystal structure. The capacity of a battery is the total charge that can 
be stored/delivered in the electrode material. and is determined by the number of Li+ 




Figure 1.3. Voltage and specific capacity of different cathode materials.10 
 
 The liquid electrolyte is typically a 1 M lithium salt solution in one or several organic 
solvents. The selection of the lithium salt and organic solvents is based on the Li+ transportation 
performance as well as the stability of the electrolyte within the battery operation voltage. The 
most common electrolyte utilized is 1 M LiPF6 in cyclic ethylene carbonate (EC) and linear 
carbonate (dimethyl carbonate DMC or diethyl carbonate DEC) 1:1 solvent mixture, which has a 
high ionic conductivity of ~ 10-2 S/cm. EC, upon cycling, would reductively decompose and 
form a Li+-conducting/electron-insulating passivation layer on the anode surface, which is called 
the solid electrolyte interface (SEI). Such SEI prevents further decomposition or side reactions to 
occur and allows stable cycling of a battery.8,11,12  
 
1.2 Limitations of Li-Ion Batteries 
 The operation of a Li-ion battery is realized by the above-mentioned anode, cathode and 
electrolyte. At the same time, its energy density and physicochemical properties are limited by 
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these three components. On the anode side, graphite is most commonly utilized. Graphite bears a 
gravimetric capacity of 760 mAh/g, and a volumetric capacity of 372 mAh/mL, which are much 
lower compared with a Li metal anode (3861 mAh/g and 2062 mAh/mL).13,14 Cathode materials 
are typically lithium transition metal oxides and phosphates, including LiCoO2, LiNixMnyCo1-x-
yO2, LiMn2O4, LiFePO4, etc. The gravimetric capacity of these intercalation cathodes ranges 
from 120 - 180 mAh/g (Figure 1.3), which is limited by the number of available sites for 
interaction in the transition metal oxides.2,15 Due to the capacity limitation of the anode and 
cathode, the theoretical energy density of a Li-ion battery can at most go up to ~ 420 Wh/kg or ~ 
1400 Wh/L, and the practical energy density is currently ~ 200 Wh/kg and ~350 Wh/L.16,17 
Meanwhile, the utilization of a liquid electrolyte containing an organic solvent raises safety 
issue, with the highly flammable carbonates being a major contributor to Li-ion battery thermal 
runaway and consequent fire incidents.18 The Li and transition metal elements (Co, Ni, Mn) 
content in the Li-ion battery results in a high energy cost.19 The high demand for these elements 
also leads to over-exploitation and child labor issues.20 Due to such limitations, various 
alternative battery systems have been proposed and developed, in order to out-perform a Li-ion 
battery in certain aspects. 
  
1.3 Alternative Battery Systems 
1.3.1 Concentrated Electrolytes 
 Concentrated electrolytes have been receiving increasing attention. Such electrolytes 
contain a high salt-to-solvent ratio, and their concentrations usually range from 3 to 5 M. Due to 
the high lithium salt composition, the solvent molecules would participate in the coordination of 
Li+, and the number of free solvent molecules dramatically decreases. As a result, the solvation, 
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or ion/ion and ion/solvent interaction differs greatly from a dilute electrolyte, and the 
concentrated electrolytes bear unique properties and could be utilized to improve the 
performance of a Li-ion battery (Figure 1.4).21 
 
Figure 1.4. Structure of a concentrated electrolyte (central circle), its physicochemical and 
electrochemical properties (outer circle), and various functions in advanced batteries (outer 
hexagons).21 
 
 Due to a different solvation/ion-ion interaction, the anion in the concentrated electrolytes 
can have a upshift in its lowest unoccupied molecular orbital (LUMO). This change in LUMO 
can lead to a preferred reductive decomposition of the anion instead of solvent in the electrolyte 
at a reducing potential, and thus an SEI with different composition from the dilute electrolyte can 
be formed. Such as SEI can more effectively prevent the decomposition of the electrolyte, and 
promote battery cycle stability. The unique SEI can also promote stable and dendrite-free cycling 
of a metal anode, which is incompatible with a dilute electrolyte due to continuous 
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decomposition and dendrite formation. The ion-solvent interaction leads to a downshift in the 
highest occupied molecular orbital (HOMO) of the solvent molecule. This interaction, along with 
the lack of free solvent, can inhibit the oxidative decomposition of the solvent molecule at a 
positive potential, and allow battery cycling at higher voltage. The lack of free solvent also 
lowers the solubilization ability of the electrolyte compared with the dilute electrolyte, and that 
prevents the dissolution and corrosion of electrode materials and battery components. And with 
the organic solvent decreasing in composition, the flammability of the electrolyte is reduced and 
the safety of a battery can be improved.21 
 Among the concentrated electrolytes, water-in-salt electrolytes (WiSE) have attracted 
wide attention.22,23 These electrolytes utilize H2O as the solvent instead of flammable organic 
solvents, further reducing the flammability of the electrolyte. The addition of high concentration 
lithium salts ( including: LiTFSI, LiOTF, LiFSI, etc.) allows coordination of H2O molecules to 
Li+ cations and produces a passivating SEI, which inhibits H2O decomposition reactions and 
greatly expands the electrolyte stability window.24,25 WiSE is considered a promising electrolyte 
for use in next-generation aqueous Li-ion batteries.  
 
1.3.2 Beyond Li-Ion 
 The growing market for Li-ion batteries raises the demand for Li. Given a 5 % increase in 
Li consumption per year, current mineable Li resources could only sustain about 65 years 
without recycling.26 Alternative metal ions, which are cheaper and more natural abundant, are 
proposed to be replace Li+ as the charge carrier in a battery. Sodium appears to be a promising 
candidate. Sodium is the fourth most abundant element on earth. It is also much cheaper 
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compared with Li ($0.2/kg for Na2CO3 vs $6.75/kg for Li2CO3, Table 1.1).
27 A Na-ion battery 
would be a cost-effective candidate for mass battery application.  
 
Table 1.1. Price of Na2CO3, Li2CO3, S, Ni, Co, and Mn.
27,32 
Data from 2019 Na2CO3 Li2CO3 S Ni Co Mn 
Price ($/kg) 0.2 6.75 0.05 18 37 3 
 
 The limited space available for battery mounting in certain applications also calls for 
greater volumetric energy density in a battery (Figure 1.5). Multivalent batteries have been 
proposed, whose anode utilizes Zn, Mg, and Al, etc. These multivalent metal anodes contain 
much higher volumetric capacity (5851 mAh/mL for Zn, 3832 mAh/mL for Mg, and 8046 
mAh/mL for Al) compared with graphite (372 mAh/mL) and Li metal (2062 mAh/mL). These 
metals are also less reactive towards air than Li metal, which could promote safety and alleviates 
processing complexity for batteries with a metal anode.13,14 
 
Figure 1.5. Capacities and reductive potentials for various metal anodes.14 
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1.3.3 Alternative Cathode Materials 
 For intercalation transition metal oxides and phosphates cathodes, the 
gravimetric/volumetric capacity is limited by their sites available for topotactic insertion in their 
crystal structure per unit mass/volume. To increase the capacity, alternative cathode materials 
with charge storage mechanisms different from intercalation are investigated.28 Conversion 
electrodes have attracted wide interests. Sulfur is one of the most popular candidates for 
conversion cathode materials. By utilizing the conversion reactions of S (2Li+ + S + 2e-  Li2S), 
the restrictions on number of intercalation sites in the crystal structure is lifted. The S redox 
couple center is also much lighter than Co/Ni/Mn, and thus a much greater capacity can be 
obtained in the conversion electrode.29 The theoretical gravimetric capacity for S is 1675 mAh/g, 
which is over 8 times of that of a typical metal oxide cathode. By replacing the intercalation 
cathode with S cathode, the theoretical energy density of a Li-S battery (Figure 1.6) can reach ~ 
2500 Wh/kg and ~ 2800 Wh/L, which is much greater than the limit of a Li-ion battery.30,31 S is 
also much cheaper and more earth abundant compared with the transition metal elements in the 
intercalation cathodes (Table 1.1).32 Therefore, S is particularly attractive as an alternative 
cathode material to realize low-cost and large-scale battery application. Among the sulfur 
batteries, room-temperature Na-S batteries are desirable due to the higher natural abundance of 
Na relative to Li and expected low operation cost.33 With a high theoretical specific energy of 
1274 Wh/kg on a Na and S basis, room-temperature Na-S batteries would be a promising 





Figure 1.6. Schematic diagram of a Li-S battery.29 
 
 Anionic-redox cathode materials have also drawn considerable attention. These materials 
are usually transition metal oxides and sulfides (Li3RuO4, CoS2, etc.). In contrast to traditional 
transition metal oxide cathodes, where only metal redox centers are present, these cathodes 
exhibit redox activity on the anions (oxide or sulfide). Such an anionic-redox activity contributes 
to higher capacity and energy density.35,36 The study of anionic-redox cathode materials in 
multivalent battery systems is limited. 
 My graduate research focuses on these alternative battery systems. Chapter 2 investigated 
the double layer structure of the concentrated aqueous Li electrolytes/WiSE and the consequent 
electrochemical properties of the system. A layered double layer structure was observed for the 
first time in concentrated electrolyte systems, along with its confinement effect on redox species 
on the electrode surface. Chapter 3 developed a Na-S battery utilizing of a concentrated Na 
electrolyte and a Co nanoparticle-containing catalytic porous carbon host. Mechanistic studies 
revealed a conversion of Co nanoparticle to CoS during cycling, and the catalytic effect of CoS 
on S cathode. Chapter 4 studied CoS2 as a novel cathode material for non-aqueous Zn batteries. 
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Chapter 2: Potential Dependent Layering in the Electrochemical Double Layer of Water-
in-Salt Electrolytes 
 
Reproduced with permission from Zhang, R.; Han, M.; Ta, K.; Madsen, K. E.; Chen, X.; Zhang, 
X.; Espinosa-Marzal, R. M.; Gewirth, A. A. Potential-Dependent Layering in the 
Electrochemical Double Layer of Water-in-Salt Electrolytes. ACS Appl. Energy Mater. 2020. 3, 
8086−8094. Copyright 2020 ACS Applied Energy Materials. 
 
2.1 Introduction 
 New electrolytes can enable new chemistries and opportunities for Li-based batteries.1,2,3 
Concentrated electrolytes have emerged as promising candidates.4 These electrolytes contain a 
high salt-to-solvent ratio, as opposed to that of dilute electrolytes, and the number of free solvent 
molecules decreases due to coordination with Li+ cations.5,6 This high salt concentration and lack 
of free solvent molecules leads to improved electrolyte properties, such as faster Li+ transport, an 
extended stability window, and a unique passivating solid-electrolyte interface (SEI).7,8 
 Among the concentrated electrolytes, water-in-salt electrolytes (WiSE) have attracted 
wide attention.5,9 These electrolytes utilize H2O as the solvent instead of flammable organic 
solvents. The addition of high concentration lithium salts ( including: LiTFSI, LiOTF, LiFSI, 
etc.) allows coordination of H2O molecules to Li
+ cations and produces a passivating SEI, which 
inhibits H2O decomposition reactions and greatly expands the electrolyte stability window.
10,11 
WiSE is considered a promising electrolyte for use in next-generation Li-ion batteries. 
 The electrical double layer formed by the WiSE at the solid-liquid interface is of great 
interest. Computational studies have investigated the change in the WiSE double layer with 
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potential.12,13,14 Molecular dynamics (MD) simulations suggest that H2O is depleted from the 
double layer when the electrode surface is positively biased, and enhanced when the electrode is 
negatively charged.12 While substantial work investigates the bulk structure of WiSE and related 
electrolytes, experimental verification of the effect of potential on the double layer for WiSE is 
limited, with one surface enhanced infrared absorption spectroscopy (SEIRAS) study on mixed 
WiSE consisting of 21 m LiTFSI and 7 m LiOTf to investigate the preferred anion comprising 
the double layer.9,15,16 This paucity of work stands in contrast to the considerable experimental 
effort examining the electrochemical double layer in dilute aqueous electrolytes.17,18 Therefore, a 
study on the electrical double layer of WiSE would be informative in terms of understanding the 
electrode-WiSE interface. 
 Atomic force microscopy (AFM) can be utilized to probe double layer structure with 
changing potential.19,20 Prior studies used potential-dependent AFM measurements on ionic 
liquids to show a layered double layer structure varying with potential.21 AFM force curves also 
provides information on the composition of the double layer.22,23  
 The electrochemical behavior of small molecules in the WiSE is also of interest. The 
solvation environment of the WiSE system differs greatly from that of a dilute electrolyte, and its 
effect on processes including redox kinetics and diffusion remains to be explored.5,9 
Ultramicroelectrodes (UMEs) have been utilized to probe redox processes, and would be useful 
in understanding the difference between WiSE and dilute electrolyte in terms of the WiSE 
interaction with redox species.24,25,26 
 In this work, we use AFM, UME, and vibrational spectroscopy to probe changes at an 
electrode/WiSE interface. A layered double layer structure is observed on a (111) textured Au 
surface in AFM, and the layered-structure and consequently surface excess of electrolyte 
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components varies with potential. Spectroscopy coupled with AFM illuminates the composition 
of the double layer at different potentials. [TFSI]- and [Li(H2O)x]
+([TFSI]-)y clusters are the 
predominant species at positive potentials and [Li(H2O)x]
+ comprises the double layer at negative 
potentials. In addition, electrochemical characterization reveals the presence of a surface-
confinement effect for a ferricyanide ([Fe(CN)6]
3-/[Fe(CN)6]
4-) redox couple, possibly due to 
interaction with the strongly layered WiSE electrolyte structure.  
 
2.2  Methods 
2.2.1 Electrolyte Preparation 
 Lithium bis(trifluoromethane sulfonyl) imide (LiTFSI, 99.95 %, Sigma-Aldrich) was 
stored in an Ar-filled glovebox, which contained < 1ppm of O2 and < 1 ppm of H2O, before use. 
All electrolytes were purged with dry N2 before measurements. Aqueous LiTFSI solutions of 
various molality (mol LiTFSI/kg H2O) were prepared with Milli-Q water. 1 m and 21 m 
solutions were prepared by dissolving LiTFSI in H2O.  
 1 mM and 5 mM potassium ferricyanide (K3Fe(CN)6, > 99%, Sigma-Aldrich) solutions 
were prepared by diluting 20 mM K3Fe(CN)6 stock solution with 1 m and 21 m LiTFSI solutions 
in volume ratios of 1 : 9 and 1 : 3 respectively.  
 
2.2.2 Electrochemical Characterization 
 All electrochemical measurements were carried out using a CH Instruments 760D 
potentiostat (Austin, TX). A polycrystalline Au disk electrode (0.875 cm diameter) and a Pt 
ultramicroelectrode (UMEs, 10 μm diameter, CH Instruments, Austin, Texas) were used as 
working electrodes. A Au wire and a Ag wire were used as counter electrode and reference 
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electrode, respectively. Potentials are reported vs. Ag/Ag+. The polycrystalline Au disk electrode 
was polished mechanically, followed by rinsing, with 9.0, 3.0, 0.25, and 0.05 μm MetaDi 
Monocrystalline Diamond Suspension (Buehler) on a MicroCloth polishing pad (Buehler). The 
Au disk was then annealed with a hydrogen flame, quenched in Milli-Q water, and dried under 
vacuum. The Pt UME was polished mechanically, followed by rinsing, with 3.0, 1.0, 0.5, and 
0.25 μm MetaDi Monocrystalline Diamond Suspension (Buehler) on a MicroCloth polishing pad 
(Buehler) and electrochemically in a 0.1 M HNO3 electrolyte by sweeping the potential from 2.0 
to −0.5 V (vs Ag/AgCl) for 10 cycles prior use. Electrochemical impedance spectroscopy (EIS) 
was performed on a Biologic potentiostat (Model SP-150, France). The alternating current (AC) 
perturbation signal was ±10 mV and the frequency ranged from 100 mHz to 1 MHz. Differential 
capacitance was derived from EC-Lab software. COMSOL Multiphysics 5.3 simulation 
procedures were previously described.25 
 
2.2.3 Raman Spectroscopy and Surface Enhanced Raman Spectroscopy (SERS) 
 Raman spectra were obtained by using a 632.8 nm He/Ne laser and the instrumental setup 
described previously.27 The spectral resolution was calculated to be 3.0−3.3 cm−1 using a 50 μm 
slit. For bulk Raman spectroscopy, the electrolytes were placed in 20 mL scintillation vials. 
 Surface enhanced Raman spectroscopy (SERS) was carried out in a home-built cell 
described previously.27 A polycrystalline Au disk electrode (0.875 cm diameter) was used as the 
working electrode. A Au wire and a Ag wire were used as the counter and reference electrodes, 
respectively. The Au disk was mechanically polished and annealed under the same procedure as 





2.2.4 Attenuated Total Reflectance Surface Enhanced Infrared Absorption Spectroscopy 
(ATR-SEIRAS) 
 Attenuated total reflectance surface enhanced infrared absorption spectroscopy (ATR-
SEIRAS) was carried out in a Nicolet Magna-IR 550 spectrometer using a home-built spectro-
electrochemical cell similar to that described previously.29 A μ-groove Si wafer (IRUBIS GmbH, 
Germany) is used as the internal reflectance element.30 The Si wafer was polished for 15 mins 
with 3 and 0.25 μm MetaDi Monocrystalline Diamond Suspension (Buehler) on a MicroCloth 
polishing pad (Buehler). The Si wafer was rinsed and sonicated for 15 mins with Milli-Q water 
before and after polishing, and dried under N2. A 20 nm thick Au film was evaporated on the Si 
wafer with a deposition rate of 0.01 nm/s in a Temescal E-beam evaporator. The 20 nm Au film 
was cleaned by cycling in 0.1 M H2SO4 between -0.5 V to 0.9 V vs Ag/Ag
+ for 20 cycles at 20 
mV/s and used as the working electrode.31 A Au wire and a Ag wire were used as the counter 
and reference electrodes, respectively. A Pike Technologies VeeMAX III ATR accessory 
provided control over angle of incidence. The angle of incidence is 35o. Potential dependent 
spectra were collected between 0.4 V and -0.5 V vs Ag/Ag+. The resolution was 4 cm-1. The 
reference spectrum was collected at 0.4 V vs Ag/Ag+.  
 
2.2.5 Atomic Force Microscopy (AFM) 
 Force measurements were conducted in a JPK (Santa Barbara, CA) atomic force 
microscope (AFM) equipped with CSC-37 tips (MikroMasch, CA), with spring constants of ~0.6 
N/m as determined by the thermal noise method and a nominal radius of ca. 20 nm.32 The tip was 
exposed to UV for 20 minutes prior to the measurement. Au on glass samples were purchased 
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from Phasis (Geneva, Switzerland) and were flame-annealed by the manufacturer to achieve a 
(111) texture. The surface was rinsed with Millipore water and ethanol, dried under N2 and 
exposed to UV light for 20 minutes. The process was repeated twice, after which the surface was 
immediately mounted into the electrochemical cell. The cell was capped with a Teflon cover to 
minimize the exchange of water between solution and ambient air (maximum weight gain =3.1 
wt.% at 33 % RH). The TFSI solution was filtered by using a 200 nm pore size PTFE membrane 
prior to the injection into the electrochemical cell. The system was equilibrated for 20 minutes 
before force and electrochemical measurements. AFM force measurements were obtained at the 
open circuit potential (OCP), +0.3, and -0.4 V against a Ag pseudo reference electrode. 
Electrochemical potential was applied using a CHI potentiostat. The tip velocity was set at 20 
nm/s. A total of 64 force curves at each potential were collected from a 500 nm x 500 nm area by 
dividing the area into 64 separate squares and collecting a force curve from each square. 
 
2.3 Results 
2.3.1 Electrochemical Characterization 
 Figure 2.1a shows cyclic voltammograms (CVs) obtained from a Au disk electrode (d = 
0.875 cm) immersed in a solution containing 1 mM K3Fe(CN)6 in 1 m LiTFSI at scan rates of 5 
mV/s, 10 mV/s, 20 mV/s, 50 mV/s and 100 mV/s. The CV curves show reduction peaks at 0.09 
V and oxidation peaks at 0.15 V vs. Ag/Ag+, with a peak separation of 60 mV. The CVs 
correspond well to a diffusion-controlled reversible [Fe(CN)6]
3-/ [Fe(CN)6]
4-
 faradaic process 
with an E0 = 0.12 V vs. Ag/Ag+.33  
 Figure 2.1b shows the CVs obtained from a Au electrode immersed in 1 mM K3Fe(CN)6 
in 21 m LiTFSI at the same scan rates. The CV shows that the reduction and oxidation peaks are 
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at 0.24 V and 0.28 V respectively. The resulting separation between the two peaks is 40 mV, 
which is smaller than the 57 mV separation expected for a diffusion-controlled reversible 
faradaic process.33 The smaller peak separation is typically associated with a surface-confined 
reversible redox process.34 The redox potential shifts to an apparent E0 = 0.26 V, which could be 
due to a change in the solvation structure of [Fe(CN)6]
3-, or a change in the Ag/Ag+ reference 
potential. Little discussion attends changes in this reference potential in highly concentrated 
electrolytes such as that used here. The use of an additional test redox couple is similarly 
complicated. A Ag pseudo-electrode has been reported to exhibit little potential drift in non-
aqueous systems.35 On the other hand, similar shift in the redox potential of a redox couple has 
been reported when using Li+ and K+-containing supporting electrolytes, due to different 
solvating interactions.36 Therefore, we consider the change in solvation structure as the major 
contributor to the redox potential shift, which we will further discuss using Raman spectroscopy. 
Compared with the 1 m LiTFSI, the CVs exhibit more of a rectangular shape at the reversal 
potentials (0 V and 0.35 V vs. Ag/Ag+). This rectangular shape in the CVs suggests the system 
may have increased capacitive character.37 
 Figure 2.1c shows linear plots of natural logarithm of peak current densities of 
[Fe(CN)6]
3- reduction versus natural logarithm of scan rates. In 1 m LiTFSI, the plot exhibits a 
slope of 0.51, which is characteristic of a diffusion-controlled reversible faradaic process, 
governed by the Randles-Sevcik equation.38 In contrast, the plot for 21 m LiTFSI exhibits a slope 





Figure 2.1. CVs obtained from a Au disk electrode (d = 0.875 cm) in 1 mM K3Fe(CN)6 in (a) 1 
m LiTFSI, and (b) 21 m LiTFSI at different scan rates, and (c) the plot of ln(peak reduction 
current density) versus ln(scan rate) derived from corresponding CVs. 
 
 To understand the capacitance contribution to the system, we carried out electrochemical 
impedance spectroscopy (EIS, Figure 2.2) and obtained differential capacitance Cp (Figure 2.3) 
from 1 m LiTFSI and 21 m LiTFSI using the same electrodes. Here we note that capacitance can 
take a wide range of values both in experiment and simulation.14,39 The capacitance values 
obtained in this work are comparable to those reported for dilute aqueous systems and ionic 
liquids in previous studies.40,41 The 21 m LiTFSI system exhibits higher differential capacitance 
compared to the 1 m LiTFSI, supporting the presence of a greater capacitance contribution in the 
21 m TFSI. Indeed, previous studies have utilized 21 m LiTFSI as an electrolyte for 
supercapacitors.42,43 The differential capacity at 1 Hz (Figure 2.3a) exhibits a weak minimum at 
ca. -0.1 V which is typically associated with the potential of zero charge (pzc). The pzc found 
here is consistent with that measured on Au in other systems.44 While the capacitance 
contribution in the 21 m LiTFSI system could lead to the 0.80 slope in the linear plot of 
ln(current density) vs. ln(scan rate), the 40 mV peak separation for [Fe(CN)6]
3- 




Figure 2.2. Nyquist plots of (a) 1 m LiTFSI and (b) 21 m LiTFSI with a Au disk working 
electrode at various potential vs. Ag/Ag+. 
 
 
Figure 2.3. Capacitance obtained from a fit to the Nyquist plots above for 1 m LiTFSI and 21 m 
LiTFSI at (a) 1 Hz at various potentials vs. Ag/Ag+, and (b) at various frequencies at 0 V vs. 
Ag/Ag+. 
      
 To investigate the presence of putative surface-confinement in [Fe(CN)6]
3- in 21 m 
LiTFSI, we carried out cyclic voltammetry using a Pt UME (d = 25 μm). Figure 2.4a shows CVs 
obtained in 5 mM K3Fe(CN)6 in 1 m LiTFSI and 21 m LiTFSI at a scan rate of 2 mV/s. In the 
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CV of the 21 m LiTFSI solution, the half wave potential for [Fe(CN)6]
3- reduction is 0.22 V vs. 
Ag/Ag+, which is more positive compared to that from 1 m LiTFSI (0.13 V). This shift in 
reduction potential with different LiTFSI concentrations is consistent with the CVs using Au 
disk electrode (Figure 2.1). The steady-state current density for [Fe(CN)6]
3- reduction is about 5 
times smaller in 21 m LiTFSI compared with 1 m LiTFSI, which suggests a smaller diffusion 
coefficient, D0, in the concentrated system.
24,25 More interestingly, the CV from 21 m LiTFSI 
exhibits an oxidation peak at 0.23 V upon the reverse positive potential sweep, which indicates 
the oxidation of reduced ferrocyanide [Fe(CN)6]
4- at this potential. In contrast, no such oxidation 
peak is observed in the CV of 1 m LiTSFI, which suggests that the reduced ferrocyanide 
[Fe(CN)6]
4- is not oxidized in the dilute system at the same potential. Previous studies on steady-
state diffusion electrochemical processes, using UME or rotating disk electrode (RDE), have 
attributed the early oxidation/reduction peak in reverse potential sweep CVs to the presence of 
surface adsorbed/confined redox species.45,46,47 The oxidation peak at 0.23 V in the CV in the 
UME study, together with the small 40 mV peak separation for [Fe(CN)6]
3- redox in the CVs 
with the Au disk electrode (Figure 2.1b), suggests that reduced [Fe(CN)6]
4- is adsorbed/confined 
on the electrode surface in 21 m LiTFSI and oxidizes at a lower potential during the reverse 
positive potential sweep. This adsorption/confinement is not present in the dilute 1 m LiTFSI.  
 The adsorption/confinement of reduced [Fe(CN)6]
4- on the electrode surface is 
characteristic of the concentrated 21 m LiTFSI, and thus would be induced by features specific to 
the electrode-electrolyte interface between the electrode surface and 21 m LiTFSI, which will be 
further discussed in AFM studies. 
 Figure 2.4b and 2.4c shows simulated and experimental CVs from 5 mM K3Fe(CN)6 in 1 
m LiTFSI and 21 m LiTFSI. D0 and electrochemical rate constant k
0 were derived from the 
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simulations. The oxidation peak of [Fe(CN)6]
4- in 21 m LiTFSI is not considered in the 
simulation. For 1 m LiTFSI, the best fit to the data from the simulation yields D0 = 3.4  10
-6 
cm2/s and k0 = 0.006 cm/s, consistent with previous studies.48,49 For 21 m LiTFSI, the simulation 
yields D0 = 7.4  10
-7 cm2/s and k0 = 0.002 cm/s. The decrease in D0 is attributed to the high 
viscosity of 21 m LiTFSI.50 On the other hand, the decrease in k0 could be due to differences in 
the [Fe(CN)6]
3- solvation structure, which has been reported to affect charge transfer kinetics 
previously.51 
 
Figure 2.4. (a) Experimental CVs of 5 mM K3Fe(CN)6 in 1 m LiTFSI, and 21 m LiTFSI at 2 
mV/s using a Pt UME (d = 25 μm), and experimental and simulated CVs of 5 mM K3Fe(CN)6 in 
(b) 1 m LiTFSI, and (c) 21 m LiTFSI. 
 
2.3.2 Raman Spectroscopy 
 Raman spectroscopy was carried out to understand the solvation of [Fe(CN)6]
3- in 1 m 
LiTFSI and 21 m LiTFSI. Figure 2.5 shows the Raman spectra obtained for 100 mM K3Fe(CN)6 
in H2O, 1 m LiTFSI, and 21 m LiTFSI, respectively. In the spectra of H2O and 1 m LiTFSI, a 
peak at 2125 cm-1 (Peak A) is observed, which is assigned to the CN stretching (CN) of cyanide 
in H2O-solvated [Fe(CN)6]
3-.52 For 21 m LiTFSI, the (CN) peak appears asymmetric in shape, 
and shifts to higher wavenumber. Peak fitting yields two Gaussian peaks at 2125 cm-1 (Peak A) 




3-, as observed in H2O and 1 m LiTFSI. The peak at 2144 cm
-1 (Peak B) is located at 
higher wavenumber, which suggests different [Fe(CN)6]
3- solvation. Previous Raman studies 
reported a positive shift in wavenumber for (CN) in [Fe(CN)6]
3- with addition of LiCl to the 
solution.53 Given the high concentration of solvated Li+ [Li(H2O)x]
+ in 21 m LiTFSI, the shift to 
2144 cm-1 for CN stretch could be due to the interaction of cyanide ligand in [Fe(CN)6]
3- with 
[Li(H2O)x]
+.9 This difference in solvation structure is likely responsible for change in 
electrochemical rate constant k0 (Figure 2.4).51,54 In addition, previous surface enhanced Raman 
spectroscopy (SERS) studies have reported on [Fe(CN)6]
3- reduction at a markedly positive 
potential with the addition of LiCl, which suggests that the interaction with [Li(H2O)x]
+ could 
lead to the reduction of [Fe(CN)6]
3- at a more positive potential, as observed in our 
electrochemical studies (Figure 2.1 and 2.4). 
 






Figure 2.6. (a-c) Heatmaps of superposed force-separation curves measured by AFM in 21 m 
LiTFSI solution and (d-f) bubble diagrams with the layer thickness (∆) as a function of the onset 
separation (D2) at (a;d) OCP, (b;e) +0.3 V vs. Ag/Ag
+, and (c;f) -0.4 vs. Ag/Ag+, respectively.  
 
2.3.3 AFM Force Measurements 
The short-range interfacial structure in 21 m LiTFSI was measured on a Au (111) 
textured surface under applied potential to compare to the electrochemical studies described 
earlier. Figure 2.6a-2.6c show heatmaps obtained by combining 64 separate force-distance 
curves at each potential. The measured force-distance curves reveal discontinuities in the profile 
(a typical discontinuity marked with an arrow in Figure 2.6b) as layers either of ions and/or 
water molecules are displaced with the sharp tip, and therefore, the steps reflect the arrangement 
of ions and water in layers at the WiSE/electrode interface.55 A higher force typically suggests a 
stronger adsorption of the molecules or ions either to the surface or to the underlying layers. The 
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solvation structure vanishes beyond ~2-3 layers at all conditions. Good reproducibility of the 
curves was achieved at OCP (measured to be -0.16 V) and at +0.3 V, as evidenced by the high 
count density on the heatmap. Although steps were clearly resolved on individual curves (Figure 
2.7), the presence of a step was less evident when the force curves were superposed in a 
heatmap. The layered structure of the double layer in 21 m LiTFSI likely leads to a thinner 
double layer and a higher capacitance (as observed in Figure 2.3), as reported in a previous study 
on ionic liquids.56 
Figure 2.6d-2.6f show bubble diagrams plotting the layer thickness as a function of step 
onset distance. The layer thickness (∆) is defined as the difference of the film thickness from the 
onset of the step (D2) to the end of the step (D1), i.e. ∆=D2-D1, with D2>D1. Based on both the 
force required to push through the layer, as well as the position of the onset, three groups of 
layers were identified at each potential, which are shown in Figure 2.6d-2.6f. The size of the 
bubble is proportional to the frequency (or probability) this layer is found on the 64 force curves 
measured. We note that factors influencing the layer thickness include: the composition of the 
layer, the degree of disorder, the compressibility of the molecules and hydrated ions (at pressures 
as high as 0.5 GPa applied with the tip), and the possible pressure-induced dehydration of ions. 
57,58 Indeed, recent MD simulations for ionic liquids suggest compressibility of ions at high 
pressures can result in substantially reduced layer thickness. Thus, the layer thickness may be 




Figure 2.7. Representative force-separation curves measured by AFM in 21 m LiTFSI solution 
(a) OCP, (b) +0.3 V vs. Ag/Ag+, and (c) -0.4 vs. Ag/Ag+, respectively.  
 
At OCP, the step beginning at D2=15 Å is resolved in most of the curves. The thickness 
of this layer (∆~6.7 Å) is significantly larger than the thickness of layers observed at closer 
separations (3.2 and 3.7 Å, respectively). The magnitudes of ∆ values at +0.3 V (∆= 4.3, 6.4 and 
6.7 Å) are larger than that seen at OCP, while the thickness values at -0.4 V are smaller (∆< 5 Å) 
than at OCP. At -0.4 V, the three resolved layers do not occur at distinct tip-surface separations, 
so the bubbles appear superposed along the D2 axis. Nevertheless, the steps occur at distinct 
forces, which is illustrated in Figure 2.8.  
Figure 2.8 is a bubble diagram of the force vs. layer thickness seen at the three potentials 
examined here. Figure 2.8 also presents the effective size of [TFSI]- and hydrated Li+, the latter 
based on recent MD simulations of 21m LiTFSI in the bulk WiSE.9 The Figure shows that the 
species interrogated by AFM change as a function of potential. At -0.4 V, steps are observed 
exhibiting a thickness  = 4.3 Å and then with progressively higher force  becomes 3.3 Å and 
2.8 Å. The ca. 3 Å features at this layer is associated with hydrated Li+ at the interface due to the 
negative applied potential and the relatively small layer thickness. The reduced layer thickness 
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relative to the effective size reported from MD simulations is likely a consequence of the 
dehydration of the Li+ when it adsorbs to the surface. For example, Fenter and coworkers 
examined LiCl solutions and found a prominent Li+ layer at 2.2-2.4 Å from a mica surface, 
followed by a less prominent layer at 5 Å from the surface, associated with partially dehydrated 
and highly hydrated Li+, respectively.58 At -0.4 V, this comparison thus suggests [Li(H2O)x]
+ 
populates the layers closer to the surface. The high force (0.2 and 0.75 nN) of the two groups of 
layers with ∆~3.3 Å and ∆~ 2.8 Å, respectively, indicates the presence of strong Coulombic 
interactions. The small thickness of these layers compared to the calculated size of the 
[Li(H2O)4]
+ (ca. 5.4 Å) is, however, intriguing. It is possible that the layer at ~0.2 nN is 
associated with the partial dehydration of the adsorbed [Li(H2O)x]
+, and the surface-adsorbed Li+ 
is resolved at a much higher force (0.75 nN); a dehydration-associated step has been reported for 
dilute electrolytes in SFA experiments before.59 This phenomenon would explain the less well-
defined heat map, as shown in Figure 2.6c. Another source of the smaller dimension could be 
compression by the tip. For example, a distortion of the solvation shell induced by the AFM tip 
pressure and the adsorption to the electrode surface has been reported for Li+ ions chelated to 
oligoether ligands with 3 to 4 repeating units.60,61 
An additional feature at 4.3 Å and relatively low force is found at -0.4 V. There are 
several possible origins of this feature. First, we note the 4.3 Å layer thickness is close to that 
predicted for hydrated Li+. The existence of a solvation layer with ∆~ 4.3 Å might indicate the 
presence of a second solvation layer rich in [Li(H2O)x]
+ to further counterbalance the surface 
potential. The two solvation layers rich in hydrated Li+ may then reflect the so-called crowding 
of multiple layers of counter-ions in highly concentrated electrolytes.62 On the other hand, 
previous works on [TFSI]- containing ionic liquids report that layers of ca. 4.4 Å represent layers 
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rich in [TFSI]-, very close to the 4.3 Å spacing measured here, and slightly smaller than that 
calculated based on the packing dimension (4.7 Å) and the van der Waals diameter (5.3 Å).61,63,64 
We note the 4.3 Å spacing is also seen at +0.3 V, where the interface is expected to be [TFSI]--
rich (vide infra). 
At +0.3 V, a different set of layer thickness (4.3 Å and 6.7 Å) is observed. At +0.3 V, 
[Li(H2O)x]
+ is likely repelled from the Au electrode, and replaced by solvation layers rich in 
[TFSI]- associated with the surface. The layer thickness ∆ = 4.3 Å suggests that it is associated 
with [TFSI]-, based on the discussion above. However, we cannot completely rule out the 
occasional presence of the cation complex, since layers of around 3 Å thickness are sometimes 
detected, as inferred from the large error bars on the ∆ = 4.3 Å layer. 
Layers of thickness 6.4 Å and 6.7 Å are measured at +0.3V but not at -0.4 V. This size is 
too large to be associated with a single cation or anion. Thus, these larger solvation layers likely 
correspond to [Li(H2O)x]
+([TFSI]-)y clusters. Layers composed of ion pairs have been widely 
reported in ionic liquids and solutions of metal salts in ionic liquids.21,65,66,67,68 The presence of 
ion pairs suggests the applied potential is greatly screened by the surface-adsorbed layers. The 
larger thickness could reflect a weaker electrostatic attraction to the Au surface. Overall, 
solvation layers resolved farther from the surface will have a higher number of co-ions and will 
be more loosely packed because they are less strongly bound to the surface compared to the more 
strongly adsorbed surface layers. 
Ion clusters [Li(H2O)x]
+([TFSI]-)y are not detected at -0.4 V. The weakened cation-anion 
interaction close to the surface at negative potential might be associated with enrichment of H2O 
at the interface. H2O, in the solvation sheath of Li
+, disrupts the packing of the species near the 
surface, and may result in the somewhat less resolved heat map shown in Figure 2.6c. In 
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contrast, [TFSI]- forms a well-ordered layer near the positively charged surface. Due to the 
reduced abundance of water at positive potentials, significant cation-anion pairing happens near 
the surface, and more commensurate packing is achieved. The well-ordered structure on the 
cathode together with a randomized interfacial structure on the anode has been previously 
visualized by molecular dynamics.13  
OCP is typically measured to be ca. -0.1 to -0.2 V. The layer thickness measured reflect 
an intermediate situation between the positive and negative potentials discussed above, with both 
[Li(H2O)x]
+ and [Li(H2O)x]
+([TFSI]-)y near the surface.  
 
   
Figure 2.8. Bubble diagram of force vs. layer thickness for 21m LiTFSI solution on gold at 





2.3.4 Surface Vibrational Spectroscopy 
 To understand the change in chemical speciation in the double layer with potential, we 
carried out attenuated total reflectance surface enhanced infrared absorption spectroscopy (ATR-
SEIRAS). Figure 2.9a shows the potential-dependent ATR-SEIRAS spectra of 21 m LiTFSI 
obtained from an Au-film deposited on μ-groove Si wafer vs. Ag/Ag+. As the potential decreases 
from 0.4 V to -0.5 V, two peaks with negative absorbance at 1244 cm-1 and 1359 cm-1 are 
observed, assigned to the CF3 symmetric stretching s(CF3) and SO2 asymmetric stretching 
a(SO2) from [TFSI]
-. 9,50 The negative absorbance suggests that [TFSI]- decreases in the double 
layer on the Au surface at more negative potentials. This result is consistent with the previous 
SEIRAS study.16 In contrast, a broad band ranging from 3000 - 3600 cm-1 exhibits an increasing 
positive absorbance as the potential decreases. This band is assigned to H2O stretching (H2O), 
and its increase suggests an increase in H2O content in the double layer on the Au surface at 
negative potentials.69 The absorbance peak at 1590 cm-1 is assigned to H2O bending δ(H2O).
70 
The 1590 cm-1 peak position is considered low for δ(H2O), and is assigned to H2O molecules 
with little H-bonding, consistent with the presence of solvated Li+ [Li(H2O)x]
+ in this system.70,71 
The δ(H2O) absorbance peak intensity also increases as the potential decreases, which is also 
consistent with increased H2O in the double layer at negative potentials.  
 Figure 2.9b shows plots of normalized absorbance of s(CF3), a(SO2), and (H2O) as a 
function of potential. As the potential decreases, s(CF3) and a(SO2) decrease in intensity while 
(H2O) increases in intensity, indicating a switch from a [TFSI]
--rich DL at positive potentials to 





Figure 2.9. (a) ATR-SEIRAS spectra of 21 m LiTFSI at various potential vs. Ag/Ag+. (b) 
Normalized absorbance of s(CF3), a(SO2), and (H2O) as a function of potential vs. Ag/Ag
+. 
The reference spectrum was collected at 0.4 V vs Ag/Ag+.  
 
 We also carried out potential dependent surface enhanced Raman spectroscopy (SERS) in 
the δ(H2O) region obtained from 21 m LiTFSI on a Au disk electrode (Figure 2.10). Consistent 
with the SEIRAS study, the peak intensity of δ(H2O) also increases as potential decreases, which 
suggests increased [Li(H2O)x]
+ content in the double layer at negative potential.  
 
Figure 2.10 (cont.) 
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Figure 2.10. (a) SERS spectra of 21 m LiTFSI at various potential vs. Ag/Ag+. (b) Normalized 
SERS intensity of δ(H2O) as a function of potential vs. Ag/Ag
+. 
 
 The SEIRAS results support the potential-dependent AFM study. At positive potential, 
[TFSI]- dominates the double layer, and its larger size contributes to larger layer thickness in the 
AFM force curves. At negative potential, H2O replaces [TFSI]
-, and smaller layers are seen in 
AFM. The H2O molecules are likely coordinated by Li
+, and [Li(H2O)x]
+ would compose the 
double layer, as suggested by the low energy of the δ(H2O) peak at 1590 cm
-1. The schematic 
diagram of the potential-dependent double layer of WiSE is shown in Figure 2.11. 
 
Figure 2.11. The schematic diagram of the potential-dependent double layer of WiSE at +0.3V 
and -0.4V vs. Ag/Ag+. The red circle and blue oval denote [Li(H2O)x]
+ and [TFSI]- respectively. 
 
 The surface-confinement effect observed for [Fe(CN)6]
3- in 21 m LiTFSI is likely caused 
by the distinct interfacial structures at the [Fe(CN)6]
3-/4- redox potential (> 0V vs. Ag/Ag+). The 
positive potential attendant the [Fe(CN)6]
3-/4- redox couple would produce a [TFSI]- -rich, 
layered, double layer structure. The layered structure as well as the increased hydrophobicity 
from enhanced [TFSI]- would inhibit the diffusion of the hydrophilic [Fe(CN)6]




4- confined near the electrode surface. A test molecule with a more negative 
redox potential would likely exhibit opposite behavior and this is work in progress. The effect of 
LiTFSI concentration on the layered structure of the double layer is also under investigation. 
 
2.4 Conclusions 
 A layered double layer structure is observed in the WiSE system on a (111) textured Au 
surface. The layered structure exhibits potential dependence, associated with the presence of 
different species, as inferred from spectroscopy and AFM. At negative potentials, [Li(H2O)x]
+ is 
enhanced at the interface. At positive potentials, [TFSI]- and [Li(H2O)x]
+([TFSI]-)y clusters are 
dominant. The layered structure enforces a confinement effect on ferricyanide redox couple, due 
to its interaction with the layered interfacial structure. Our study brings new insight to 
understanding the double layer of WiSE and highlights an opportunity to exploit its interfacial 
structure properties beyond battery applications. 
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Chapter 3: Conversion of Co Nanoparticles to CoS in MOF-Derived Porous Carbon 
During Cycling Facilitates Na2S Reactivity in a Na-S Battery 
 
Reproduced with permission from Zhang, R.; Esposito, A. M.; Thornburg, E. S.; Chen X.; 
Zhang; X.; Philip, M. A.; Magaña, A.; Gewirth, A. A. Conversion of Co Nanoparticles to CoS in 
Metal–Organic Framework-Derived Porous Carbon during Cycling Facilitates Na2S Reactivity 
in a Na–S Battery. ACS Appl. Mater. Interfaces 2020. 12, 29285−29295. Copyright 2020 ACS 
Applied Materials & Interfaces. 
 
3.1 Introduction 
 The growing market in portable electronic devices and electric vehicles has created a 
demand for high-energy-density batteries exhibiting performance beyond that available from 
current Li-ion batteries.1,2 Sulfur batteries (Li-S, Na-S, etc.) have emerged as potential candidates 
due to their high theoretical capacity (1672 mAh/g S), low cost, as well as the high natural 
abundance of S.3,4 Among the sulfur batteries, room-temperature Na-S batteries are desirable due 
to the higher natural abundance of Na relative to Li and expected low operation cost.5 With a 
high theoretical specific energy of 1274 Wh/kg on a Na and S basis, room-temperature Na-S 
batteries would be a promising alternative to Li-based energy storage devices.6 
 The development of room-temperature Na-S batteries, however, faces more challenges 
compared to the Li-S systems. Sodium polysulfides are more soluble than their Li analogous.7 
Polysulfides dissolution leads to drastic capacity fade due to loss of active material and the 
shuttle effect.8,9 Na is also more reactive with aprotic solvent molecules and the solid electrolyte 
interphase (SEI) formed is less stable, leading to poor Coulombic efficiency (C.E.) on the anode 
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side.6,10 In addition, Na+ ions are larger than Li+ ions.11 Therefore, reactions at the cathode are 
more limited by transport and kinetics.12 Na2S and Na2S2 are also nonconductive, which makes 
achieving full sulfur reactivity more challenging.5 Previous studies have reported on the sluggish 
kinetics of the conversion of Na2S or short-chain Na polysulfides to long-chain polysulfide and 
elemental S8, leading to low reversible capacity and fast capacity fade.
8,13,14  
 Various strategies have been utilized to tackle the problems facing Na-S batteries. 
Concentrated electrolytes can be used to prevent polysulfide dissolution, as widely demonstrated 
in Li-S systems.15 The high concentration of Li+ ions present in the electrolyte disrupts the 
equilibrium of lithium polysulfide, and thereby inhibits its dissolution, also known as the 
common ion effect.16 Concentrated electrolytes also contain fewer free solvent molecules and 
stabilize the solvent through cation coordination, inhibiting their decomposition at the anode.17  
 A wide group of concentrated Na electrolytes have been reported, using sodium 
bis(trifluoromethanesulfonyl)imide (NaTFSI), sodium bis(fluorosulfonyl)imide (NaFSI), and 
sodium trifluoromethanesulfonate (NaOTF) as salts, glymes as solvents, and hydrofluoroether 
(HFE) as cosolvents.18,19,20,21 Studies on their application in Na-S batteries, however, are 
limited.18 Among the concentrated Na electrolytes, 5.2 M NaFSI/DME system is the most 
promising, with a Na plating/striping C.E. of > 99%.21 The addition of bis(2,2,2-trifluoroethyl) 
ether (BTFE) lowers the viscosity of the electrolyte while maintaining the high C.E. of Na 
electrodeposition.22 The application of the NaFSI/DME/BTFE concentrated electrolyte in a Na-S 
battery would not only prevent sodium polysulfide dissolution, but also promote reversible Na 
electrodeposition on the anode. 
 The poor conductivity of sulfur and its reduced products can be mitigated by introducing 
a conductive porous carbon sulfur host, such as hollow carbon spheres, carbon fibers, and carbon 
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nanotubes.6,8,23 Furthermore, the introduction of catalytic species can promote sulfur reactivity, 
which is widely demonstrated in Li-S systems.24 These catalysts contain active sites which 
interact with various lithium sulfides, enabling facile reversible conversion between lithium 
polysulfides and Li2S2 and Li2S.
24,25 Various transition metals (Pt, Co), transition metal oxides 
(MnO2, Ti4O7) and sulfides (CoS2, MoS2) have all been reported to be electrocatalysts for Li-S 
batteries.26,27,28,29,30,31 Among the transition metals, Co attracts wide attention due to the catalytic 
activity observed in its metallic phase (Co), oxide phase (Co3O4) as well as sulfide phases (CoS2, 
CoS).27,30,32,33,34 Therefore, a Co-containing porous carbon host could promise enhanced sulfur 
reactivity in Na-S batteries. 
 A Co-containing porous carbon host can be derived from metal-organic-framework 
(MOF) materials. Previous studies on the oxygen reduction reaction (ORR) have reported MOF-
derived N-doped porous carbon host containing both Co nanoparticles and CoN4 sites as ORR 
catalysts.35,36,37 In the ORR literature there is substantial controversy as to active site responsible 
for the ORR activity, with both Co nanoparticles and CoN4 implicated.
37,38 One of the interesting 
features of these MOF-derived materials is that the removal of Co content with acid washing 
improves ORR activity, and the removed Co species are considered as unstable and non-
catalytic.35,36 Nonetheless, the MOF-derived porous carbon with Co content present could be 
applied as conductive catalytic sulfur host in Na-S systems, and understanding the role that Co 
species plays in the sulfur battery is important. 
 In this work, we used a MOF-derived Co-containing N-doped porous carbon host 
(CoNC) and NaFSI/DME/BTFE concentrated electrolyte in a Na-S battery. We investigate the 
effect of Co-content on the sulfur cycling performance by controlling the amount of Co in the 
carbon host via acid-washing. Significant improvement in sulfur reactivity is observed with 
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higher Co-content (600 mAh/g for CoNC and 261 mAh/g for acid-washed CoNC at cycle 50 at 
80 mAh/g). More importantly, we carried out postmortem characterization (XPS, TEM and 
Selected Area Electron Diffraction(SAED)) on the Co species present in the sulfur cathode after 
cycling. CoS forms with cycling replacing the Co nanoparticles and CoN4 sites initially present 
in the carbon host. Finally, we confirm the catalytic effect of CoS on the oxidation of Na2S via 
Raman spectroscopy. Our study provides guidelines in developing Co-containing porous carbon 
host for application in high-performance Na-S batteries. 
 
3.2 Experimental 
 NaFSI (99.7% pure) was purchased from Solvionic, France. 2-(2,2,2-trifluoroethoxy)-
1,1,1-trifluoroethane (BTFE, 99% pure) was purchased from Synquest, Alachua, Florida. Sulfur 
nanopowder (Nano S, 30nm, 99.99%) was purchased from US Research Nanomaterials, 
Houston, Texas. Other chemicals were purchased from Sigma-Aldrich and Alfa Aesar, and used 
as received. 
  
3.2.1 Material Synthesis 
3.2.1.1 Synthesis of CoNC  
 CoNC was prepared following a previously published method.35 The precursor was 
prepared by dissolving 9 mmol of zinc nitrate hexahydrate, 4 mmol cobalt(II) nitrate 
hexahydrate, and 1 g of cetyltrimethylammonium bromide (CTAB) in 50 mL of methanol. 39 
mmol of 2-methylimidazole was dissolved in a separate flask in 50 mL of methanol. The two 
flasks were combined and stirred for 5 min at room temperature. Then the flask was stirred at 60 
oC under reflux for 30 min. The resulting solution was washed with methanol and then 
52 
 
centrifuged. Then the solid was washed with ethanol and centrifuged. The resulting solid was 
dried at 80 oC overnight and then crushed to form a purple powder. The resulting purple powder 
was pyrolyzed in a ceramic boat under N2 gas. Gas flow rates were 1000 cc/min. The 
temperature was ramped at ~ 30 oC/min until 900 oC was reached and held constant for 3 hr. The 
catalyst was then allowed to cool to room temperature under N2 gas flow. Acid-washed CoNC 
was prepared by stirring CoNC in 6 M HCl at 60 oC overnight. The material was collected by 
vacuum filtration and dried at 80 oC for at least 5 h.  
 
3.2.1.2 Synthesis of Co Nanoparticles 
 Co nanoparticles (Nano Co) were synthesized following a previously reported method.39 
In short, 0.25 mmol of Co(OAc)2 and 0.05 mmol of oleic acid were dissolved in 100mL ethanol. 
NaBH4 ethanol solution was added dropwise into the Co(OAc)2 solution. The mixture was then 
centrifuged and the Co nanoparticles were rinsed three times with ethanol, and dried at 60 oC for 
5 hours. 
 
3.2.1.3 Synthesis of CoS 
 CoS was synthesized using a previously reported method.40 In brief, 6mmol CoCl2 and 
24mmol thiourea were dissolved in 75mL of H2O and 15mL of ethylene glycol. The solution is 
transferred into a 100mL Teflon-lined stainless steel autoclave, and then heated at 180oC for 15 
hours. The CoS particles were collected via centrifuge, and washed three times with water and 





3.2.2 Cathode Preparation 
 The CoNC or acid-washed CoNC were mixed with sulfur in a 1:1 mass ratio and heated 
at 155 oC for 12 hours to carry out the sulfur melt-diffusion process. The active material 
(CoNC@S and acid-washed CoNC@S), super P Li Carbon (Timcal), and carboxymethyl 
cellulose (CMC) were mixed in a 7:2:1 mass ratio in water. The mixture was mixed in a 
conditioning mixer and a sonicator, cast onto a Cu foil using a doctor blade with a thickness of 
~50 μm, and dried in a vacuum oven at 60 oC overnight. The dried cathode was then punched 
into a 12.7mm disk, with a typical loading of active material of 1.4-1.5 mg. The corresponding 
sulfur loading was 0.6-0.7 mg/cm2. The Nano Co + Nano S and CoS + Nano S cathodes were 
prepared by mixing the respective Nano Co, CoS and Nano S in a 1:1 mass ratio with grinding in 
mortar and pestle. The mixed active material or Nano S alone, Ketjenblack EC600JD (Akzo), 
and poly(vinylidene difluoride) (PVDF) were mixed in a weight ratio of 7:2:1 in N-methyl-2-
pyrrolidone (NMP) (to avoid CoS dissolution) and the respective cathode materials were 
prepared undergoing the same following procedure.  
 
3.2.3 Coin Cell Assembly 
 Galvanostatic cycling measurements were carried out in 2032 coin-type cells using an 
MTI 8 Channel Battery Analyzer. The coin cells were assembled in an Ar-filled glovebox, which 
contained <4ppm of O2 and <1 ppm of H2O. Na foil was used as counter/reference electrode. 
Glass fiber separators were used. Solvate electrolyte was prepared with NaFSI, DME and 
BTFE.22 NaFSI was dissolved in DME in a 1:1 molar ratio (~5.2 M), and then diluted with BTFE 
in a 2:1 volume ratio, corresponding to a molar ratio of NaFSI:DME:BTFE = 1:1:0.8. The result 
mixture was used as the electrolyte. Typical current density is 80 mA/g, corresponding to 0.1C. 
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Cyclic Voltammetry (CV) measurements were carried out on a Biologic potentiostat (Model SP-
150, France).  
 
3.2.4 Characterization 
 X-ray photoelectron spectroscopy (XPS) studies were performed using a Kratos Axis 
ULTRA X-Ray Photoelectron Spectrometer with focused monochromatized Al Kα radiation 
(1486.8 eV). CasaXPS software was used for peak analysis. To minimize exposure to air and 
moisture, the cathodes were stored and transferred in Ar. Scanning electron microscopy (SEM) 
imaging was performed using a JEOL 7000F Analytical SEM. Transmission electron microscopy 
(TEM)  and high resolution (HR)-TEM imaging were performed on JEOL 2010 LaB6 and 
Hitachi H-9500 microscopes, with accelerating voltages of 200 kV and 300 kV, respectively. 
Selected area electron diffraction (SAED) was carried out on single particles on the Hitachi H-
9500 TEM at an accelerating voltage of 300 kV, camera length of 0.25 m, and using the smallest 
SA aperture. All diffraction patterns were calibrated using the polycrystalline Au(111) 
diffraction ring scattered from sputtered Au TEM calibration standards, which was acquired 
prior to all SAED analysis. Electrochemical impedance spectroscopy (EIS) was performed on a 
Biologic potentiostat (Model SP-150, France). The alternating current (AC) perturbation signal 
was ±10 mV and the frequency ranged from 10 mHz to 1 MHz. The analysis of the spectra was 
carried out using Zview software (Scribner Associates Inc.). The X-ray diffraction (XRD) 
measurements were carried out using a Siemens/Bruker D-5000 instrument with a Cu Kα 
radiation source, which generates X-rays of energy 8 keV (1.5418 Å). XRD pattern analysis was 
carried out using Jade 9.0 software. Raman spectroscopy study was carried out using a 632.8nm 
He/Ne laser with an instrument setup described previously.41 The Na2S + CoS Raman sample is 
55 
 
prepared by grinding Na2S and CoS in a 2 : 1 ratio in 0.2 mL DME in mortar and pestle. DME is 
then evaporated to yield powder mixture. 
 
3.3 Results  
3.3.1 Electrochemical Performance of CoNC and Role of Cobalt in Na-S System 
 Figure 3.1a shows the SEM image of CoNC. The MOF-derived carbon spheres appear 
spherical with a ~ 500 nm diameter. Consistent with prior reports, the spheres appear to have a 
narrow size distribution.35 The narrow size distribution is associated with the confinement effect 
attendant the addition CTAB as a surfactant which controls the size of the MOF nanocrystal 
precursor.35 The BET specific surface area is determined to be 640 cm2/g. No obvious particles 
can be observed on the spherical carbon structure. Figure 3.1b shows the XRD pattern of CoNC. 
Two peaks at 2  = 44o and 51o correspond to the (111) and (200) planes of Co, and the broad 
peak at 2  = 25o is associated with graphitic carbon.27 The TEM image of CoNC is shown in 
Figure 3.1c. Dark spots are seen in the image, which are associated with Co nanoparticles in the 
carbon framework consistent with prior results.42 Vibrating sample magnetometer (VSM) data 
shows ferromagnetic properties of CoNC at room temperature, which suggests that the dark spots 
present in the carbon structure are indeed Co nanoparticles (Figure 3.2).43 ICP-OES result yields 
a 9.3 0.1 wt% Co.  
 TEM images of the acid-washed CoNC is shown in Figure 3.1d. The image still evinces 
the presence dark spots, albeit at a reduced density relative to the as-prepared CoNC sample. 
This observation indicates that a significant amount of Co nanoparticles is removed. Indeed, the 
measured Co content from ICP-OES is 4.3 0.2 wt%. The BET specific surface area is 
determined to be 706 cm2/g, suggesting a 10% increase of surface area in acid-washed CoNC 
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compared with CoNC. VSM shows that consistent with CoNC, the acid-washed CoNC is also 
ferromagnetic (Figure 3.2), which suggests that the Co speciation does not change with acid 
washing. A decrease in ferromagnetism is observed due to the decrease in Co content. Previous 
studies have shown minimal change in size and shape of CoNC after acid-washing.35,36 Our 
study also shows that other than a decrease in Co content, acid-washing has minimal impact on 
the spherical shape of the carbon structure or the speciation of Co. 
 
Figure 3.1. (a) SEM image of CoNC. (b) XRD pattern of CoNC. (c) TEM image of CoNC. (c) 





Figure 3.2. Vibrating Sample Magnetometer (VSM) data of CoNC and acid-washed CoNC. 
 We carried out XPS to investigate the valence states of Co and S prior to battery cycling. 
Figure 3.3a shows the Co 2p photoemission spectra of the CoNC sample before and after the 
sulfur melt-diffusion process. Before the S melt-diffusion process, the CoNC Co 2p spectrum 
contains two main peaks at 780.1 eV (2p3/2) and 795.6 eV (2p1/2), which can be assigned to 
cobalt oxide with a mixed Co2+/Co3+ valence state, with their corresponding satellite peaks at 
786.0 eV and 802.9 eV.32,44,45 The XPS components at 781.7 eV and 797.9 eV (required for the 
fit) are assigned to the presence of Co-N bond, which is assigned to CoN4 sites in previous 
studies.35,46 After S melt-diffusion, the two main peaks shift to 781.0 eV and 797.2 eV, along 
with their satellite peaks at 785.6 eV and 802.4 eV respectively. This change in spectra indicates 
a change in Co valence state. Deconvolution of Co2+ and Co3+ 2p3/2 peaks is
 challenging due to 
their small binding energy difference. Alternatively, the position and intensity of the shake-up 
satellite peaks is a stronger indicator of Co valence state, where CoO exhibits satellite peaks with 
higher intensity and smaller splitting above the 2p3/2 binding energy compared to Co3O4.
47,48 In 
the spectrum of CoNC after S melt-diffusion (CoNC@S), the satellite peaks are more intense and 
lower in binding energy compared to the spectrum before S melt-diffusion, indicating that the Co 
content takes on more CoO character after S melt-diffusion process, possibly due to interaction 
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with the sulfur and reduction of the oxide.14,49 Nonetheless, the Co 2p spectra suggests that the 
Co nanoparticles in the samples contain surface oxides. 
 
Figure 3.3. XPS spectra for (a) Co 2p and (b) S 2p of CoNC and CoNC@S before cycling. The 
color dashed lines represent fits of different species to the XPS. Components in Co 2p XPS 
spectra include Co2+/Co3+ (navy), Co-N (light blue) and satellite (green). Components in S 2p 
XPS spectrum include S8 (red) and sulfate (blue). 
  
 S 2p XPS spectrum of the CoNC@S is shown in Figure 3.3b. Two main peaks at 163.4 
eV (2p3/2) and 164.6 eV (2p1/2) correspond to elemental sulfur S8.
14,50,51 The peak at 168.3 eV can 
be assigned to the presence of sulfate species as a result of sulfur oxidation on the surface, which 
has been observed in the melt-diffusion process.14,42  
 We evaluated the battery cycling performance of CoNC@S and acid-washed CoNC@S 
with melt-diffused sulfur utilizing a Na metal anode and NaFSI/DME/BTFE concentrated 
electrolyte (molar ratio 1:1:0.8) in coin cells. The utilization of concentrated electrolytes may 
mitigate polysulfide dissolution, enhancing cycling performance of sulfur cathodes.52,53 Figure 
3.4a and 3.4b show the galvanostatic cycling data of CoNC@S and acid-washed CoNC@S 
59 
 
cycled between 2.7 V and 1.0 V, under the same current density of 80 mA/g. As shown in Figure 
3.4a, CoNC@S exhibits an initial capacity of 1095 mAh/g. At cycle 2, the capacity is 784 
mAh/g, retaining 72% of the initial capacity. The decrease in capacity after the first cycle is due 
to the irreversible conversion of Na2S, which has been reported previously for Na-S systems.
8,23 
From cycle 2 to cycle 50, the capacity retention is 77%, with a capacity of 600 mAh/g and 
Coulombic efficiency (C.E.) of 99% at cycle 50. At cycle 100 and 150, the capacity is 530 
mAh/g and 500 mAh/g respectively, with C.E. > 99%. In contrast, acid-washed CoNC@S 
exhibits 863 mAh/g and 469 mAh/g for cycle 1 and cycle 2 respectively (Figure 3.4b), yielding a 
lower initial capacity and a more drastic capacity fade in the second cycle with only 54% 
reversibility. At cycle 50, the capacity is 261 mAh/g and the capacity retention is 56%.  
 The difference in initial capacity and capacity retention between CoNC@S and acid-
washed CoNC@S samples suggests that Co nanoparticles have a significant effect on facilitating 
sulfur reactivity in Na-S battery systems. The small increase in porosity (from BET) in acid-
washed CoNC doesn’t affect the sulfur reactivity as much as the diminished Co content. Figure 
3.4c and 3.4d compare the discharge and charge curves of CoNC@S and acid-washed CoNC@S 
at cycle 1, 2, 5 and 10. From the discharge and charge curves, the 1st charge capacity in acid-
washed CoNC@S is 445 mAh/g (Figure 3.4d), which is much lower compared to that of 
CoNC@S (734 mAh/g, Figure 3.4c). The charge capacity also decreases drastically with cycling 
for acid-washed CoNC@S, while that of CoNC@S is quite stable. In addition, the charge 
profiles for acid-washed CoNC@S contain two voltage plateaus at 1.6-1.9 V and 2.0-2.25 V 
respectively, while CoNC@S exhibits one voltage plateaus at 1.6-2.05 V. The difference in both 
charge capacity and the shape of the charge profiles suggests different activity in the reverse 
oxidation of Na2S to sodium polysulfides and S8. 
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 To investigate the difference in charge and discharge profiles between the two samples, 
differential capacity curves are shown in Figure 3.4e and Figure 3.4f. For CoNC@S (Fig. 3.4e), 
two peaks are observed for the initial discharge at 1.45 V and 1.2 V. In the following cycles, 
three peaks during discharge at 1.85 V, 1.5 V and 1.25 V can be observed. The differential 
capacity curves are consistent with previous studies, where the peak at 1.85 V is attributed to the 
reduction of sulfur to long chain polysulfides, and the following two peaks correspond to further 
sodiation to Na2S4, and then to Na2S.
14,23,54 The discharge peaks gradually shift to positive 
potential, indicating decrease in overpotential with cycling.55 Acid-washed CoNC@S shows 
similar discharge behavior, with discharge peaks at 1.85 V, 1.55 V and 1.2 V respectively 
(Figure 3.4f). The differential capacity peak intensity decreases with cycling, which is associated 
with the capacity fade seen in Figure 3.4d.  
 For the charging process, CoNC@S exhibits one broad peak from 1.5 V to 2.2 V with a 
maximum at 1.8 V during charge, while two separated charge peaks at 1.75 V and 2.1 V are 
observed for acid-washed CoNC@S, which can be assigned to oxidation of Na2S to Na2S4 and 
further desodiation to S8.
56 The single charge peak at lower potential indicates a smaller overall 
polarization as well as facile reactivity of polysulfide intermediates during the conversion from 
Na2S to sodium polysulfides and S8, which is also supported by the higher charge capacity of 
CoNC@S relative to acid-washed CoNC@S. The improved charging behavior of CoNC@S 
suggests that the increased presence of available Co nanoparticles in the carbon framework 





Figure 3.4. Cycling performance of the CoNC@S (a), and (b) acid-washed CoNC@S samples 
and the corresponding discharge-charge curves (c, d), and differential capacity plots (e, f). The 
current density is 80 mA/g, corresponding to 0.1 C for the CoNC@S samples. 
 
 Electrochemical impedance spectroscopy (EIS) reveals a smaller charge transfer 
resistance Rct for CoNC@S compared to acid-washed CoNC@S (Figure 3.5), confirming the 
improved reactivity of sulfur with more Co content. The improvement in sulfur utilization 
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leading to improved capacity and capacity retention from the presence of Co nanoparticles in this 
concentrated electrolyte system is likely associated with improved electrocatalytic conversion of 
Na2S to S8. We note that while 4.3% Co remains in the acid-washed CoNC, the remaining Co is 
likely inaccessible by acid. We suggest that this acid-inaccessibility may also lead to electrolyte 
inaccessibility to the Co in the battery and thus inactivity of this Co in a Na-S system. N-doped 
carbon has also been reported to have a positive effect on polysulfide retention, which results in 
sulfur battery capacity retention.27,55,57 In our system, polysulfide dissolution is mitigated by the 
use of a concentrated electrolyte, as reported previously in NaTFSI/pentaglyme system.18 In 
contrast, shuttle effect is observed in dilute 1 M NaFSI/DME electrolyte (Figure 3.6), suggesting 
that N-doped sites are not sufficient for polysulfide retention in this system. 
 
Figure 3.5 (cont.)  
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Figure 3.5. Electrochemical impedance spectra of (a) CoNC@S and (b) acid-washed CoNC@S 
samples and (c) corresponding evolution of Rct with cycle number. (d) Electrochemical 
impedance spectra of Na/Na symmetric cell using NaFSI/DME/BTFE electrolyte (inset: zoomed 
in EIS spectra). The semicircle in the mid-frequency range can be assigned to a passivation layer 
on Na metal, which disappears with cycling via electrochemical polishing.58 
 
 
Figure 3.6. Typical discharge-charge curves of CoNC@S in 1 M NaFSI/DME. The current 
density is 80 mA/g. 
 
 Further studies are carried out to evaluate the electrochemical performance of CoNC@S. 
Figure 3.7a and 3.7b show the C-rate-dependent capacity and representative discharge and 
charge curves at various C rates. The capacities are 1079 mAh/g, 612 mAh/g, 413 mAh/g and 
255 mAh/g at 0.1 C (80 mA/g), 0.25 C (160 mA/g), 1 C (400 mA/g) and 2.5 C (800 mA/g) 
respectively. When the C-rate returns to 0.1 C, a capacity of 700 mAh/g is obtained, suggesting a 
good capacity recovery after fast cycling rates. Figure 3.7c and 3.7d show the cyclic 
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voltammograms (CV) obtained at various scan rates and the corresponding plots of natural 
logarithm of peak anodic and cathodic currents versus natural logarithm of scan rates. The slopes 
for the linear plots are 0.56 and 0.67 for anodic and cathodic peak currents respectively, which 
indicates that a diffusion-controlled process is the dominant contributor to the capacity, as 
expected.12,59 
 
Figure 3.7. (a) C-rate-dependent performance of CoNC@S. (b) Discharge-charge curves at 
different C-rates. (c) CV of CoNC@S at various scan rates. (d) The plot of ln(peak current) 
versus ln(scan rate) derived from CV. 
 
 Postmortem XPS was carried out to investigate Co speciation after cycling. CoNC@S 
samples are characterized after 10 cycles. Figure 3.8a shows the Co 2p XPS spectra obtained 
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following discharge and charge. Interestingly, two peaks are observed at 779.6 eV (2p3/2) and 
795.0 eV (2p1/2), which are lower in binding energy compared to the cobalt oxide and Co-N 
species in the CoNC sample before cycling (Figure 3.3a). In addition, no satellite peaks can be 
observed after cycling, as opposed to the prominent satellite peaks present before cycling. The 
779.6 eV and 795.0 eV binding energy, together with weak satellite peaks, suggests the presence 
of a Co-S bond, possibly from CoS or CoS2.
60,61,62 The difference in Co photoemission spectra in 
spectra obtained before and after cycling suggests that the Co speciation has evolved during 
battery cycling.  
 The origin of the different oxidation state behavior reflects the Co environment. Since the 
as-prepared CoNC sample is handled in ambient environment during cathode preparation, the Co 
nanoparticles become surface oxidized state due to inevitable exposure to ambient oxygen. This 
exposure is reflected in the Co oxides inferred from the XPS prior to cycling (Figure 3.3a). 
During cycling the cathode is maintained at a potential between 1.0-2.7 V vs. Na/Na+, which is a 
much more reducing (and oxygen free) environment compared to the as-prepared cathode. 
Indeed, Cobalt oxide species exhibit redox activity in Na battery systems.63,64 As suggested by 
the postmortem characterization, the Co content transforms to become a cobalt sulfide species 
such as CoS or CoS2 in the presence of elemental S. This new species is stable with cycling as no 
change is seen between the Co 2p XPS spectra obtained following charge and following 
discharge. 
 Figure 3.8b shows the S 2p XPS spectra obtained from the discharged and charged 
samples. For both samples, two S 2p3/2 peaks are present at 168.3 eV and 166.2 eV, which are 
attributed to the presence of decomposition products of NaFSI, which is known to occur upon 




8,67 This peak is absent in the charged sample, and a new peak is present at 163.3 eV 
(2p3/2), which is associated with the presence of elemental sulfur S8.
14,51 The presence of Na2S 
and elemental sulfur S8 in the discharged and charged samples, respectively, supports the 
reversible sulfur reactivity of the system.  
 Interestingly, XPS peaks ranging from 160 eV to 162.5 eV are also observed in both 
samples. These binding energies could be assigned to various cobalt sulfides.59,68,69,70 However, 
the peaks between 160 eV and 162.6 eV could also originate from short-chain sodium 
polysulfides Na2Sx (1 x 4) due to incomplete sulfur reactivity, as observed previously in Na-S 
batteries.7,12,71 Thus, overlap in the XPS of CoS and sodium polysulfide species limits the utility 
of S 2p XPS in evaluating the state of Co in this system. Therefore, further studies need to be 
carried out to understand the change in Co speciation after cycling. 
 
Figure 3.8. XPS spectra for (a) Co 2p and (b) S 2p of the discharge and charge CoNC@S 
samples after 10 cycles. The color dashed lines represent fits of different species to the XPS. 
Components in S 2p XPS spectra include -SO2- (blue), -SOx- (light blue), S8 (red), Na2S (green), 




3.3.2 Use of a Nano Co + Nano S Cathode to Enable SAED 
 In order to evaluate Co speciation following charge and discharge, we utilized TEM 
imaging and SAED. Here we note that XRD was unable to detect the Co nanoparticles on the 
cathode due to small loading (Figure 3.9), which has been the case in previous studies.72,73 The 
cathode in this case was formed by using Co nanoparticles (Nano Co) combined with S 
nanoparticles (Nano S) alone, absent the carbon framework. The carbon framework in the CoNC 
samples was found to limit SAED pattern resolution and yield lower resolution images. In the 
Nano Co + Nano S cathodes, the electronic conductivity of the porous sulfur host is sacrificed, 
and the sulfur reactivity is expected to decrease. Nano S is used as a compromise to improve Na+ 
diffusion and sulfur utilization.74 Ketjenblack (1400 m2/g) is used as higher surface area 
conductive carbon instead of Super P (62 m2/g) to promote sulfur reactivity, as demonstrated in 
previous studies.75  
 
Figure 3.9. XRD patterns of pristine Nano Co + Nano S and Nano S cathodes. 
 
 Figure 3.10a and 3.10b show the discharge and charge curves and the corresponding 
differential capacity plots of the Nano S and Nano Co + Nano S cathodes. Consistent with the 
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CoNC@S and acid-washed CoNC@S samples (Figure 3.4), the charge profiles for the Nano S 
sample contain two voltage plateaus at 1.7-2.0 V and 2.1-2.25 V respectively, while the Nano Co 
+ Nano S cathode exhibits one voltage plateau at 1.7-2.25 V and a higher capacity. The 
differential capacity curves show discharge peaks at 1.85 V, 1.5 V and 1.2 V (Figure 3.10b). One 
broad charge peak with maximum at 1.8 V is observed for Nano Co + Nano S, and two charge 
peaks are present at 1.8 V and 2,15 V for Nano S alone, which agrees with the differential 
capacity curve found for the CoNC@S and acid-washed CoNC@S samples (Figure 3.4e and 
Figure 3.4f). The presence of Co nanoparticles enables a higher charging capacity via a single 
charge peak at lower potential, facilitating reverse oxidation of Na2S. The similarity in the 
electrochemical behavior compared with the CoNC@S samples suggests that Co nanoparticles in 
the Nano S + Nano Co sample exhibit the same electrocatalytic effect on sulfur reactivity, and 
thus undergo the same change in Co speciation with cycling relative to the CoNC@S sample. 
 
Figure 3.10. (a) Discharge-charge curves and corresponding (b) differential capacity plots of 




 Having established that the Nano Co + Nano S cathode exhibits reactivity similar to that 
found in the CoNC@S cathode (albeit with much lower capacity), we next interrogated the Nano 
Co + Nano S cathode with TEM and SAED. The cycled samples were prepared by cycling for 10 
cycles and stopping at 1.8 V during charge; this potential is where the maximum activity in Na2S 
oxidation is found, as suggested by the maximum in differential charge capacity (Figure 3.10b).  
 Figure 3.11a and 3.11b show the TEM images and the corresponding SAED patterns of 
the Co nanoparticles in the Nano Co + Nano S cathode before and after cycling. Before cycling, 
the inset to Figure 3.11a shows the Co nanoparticles are spherical, and the SAED pattern 
presents diffraction rings that can be assigned to (002) planes of Co and (112) planes of 
Co3O4.
76,77,78 The (112) lattice planes of Co3O4 have been reported previously to be surface 
located, suggesting that this species might be present on the surface of Co nanoparticles prior to 
cycling (Figure 3.3a).78,79  
 After cycling, the inset to Figure 3.11b shows the Co nanoparticle exhibits a distinct 
change in morphology in that the particle appears irregular in shape and expanded relative to the 
Co nanoparticle observed before cycling. The SAED pattern in Figure 3.11b contains diffraction 
rings corresponding to the (100) and (101) planes of CoS.69,80,81 No diffraction rings could be 
attributed to either Co or Co3O4, indicating that these species are no longer present in the cathode 
following cycling.  
 Figure 3.11c shows the high-resolution transmission electron microscopy (HR-TEM) 
image of the cycled Co nanoparticle. Lattice fringes can be observed with interplanar spacing of 
5.17 , which can be assigned to the (001) plane of CoS.82 The SAED patterns and HR-TEM 






Figure 3.11. SAED patterns (inset: TEM images) of Co nanoparticles (a) before cycling, and (b) 
after cycling. (c) HR-TEM image of the Co nanoparticles after cycling. 
 
3.3.3 Study of CoS in Na-S Batteries 
 CoS nanoparticles have been reported to facilitate redox conversion of sulfur species in 
Li-S batteries.33,83,84 We suggest that CoS could also be an electrocatalyst in Na-S battery as 
well. We compared the cycling performance of Nano S with and without CoS (Figure 3.12). 
Greater capacity can be achieved with Nano S containing CoS, confirming its electrocatalytic 
activity. We note that previous studies have shown that the potential to initiate redox activity in 
CoS in Na systems is 0.7 V vs. Na/Na+, which is not within our voltage window.69 In addition, 
CoS redox involves reduction of Co2+ to Co(0). As suggested by XPS study on CoNC@S 
(Figure 3.8a), no Co(0) can be observed in the discharged sample, which suggests that Co 
species remains as Co2+ during cycling in our system. Therefore, we consider the capacity 
contribution of CoS to be minimal, and the increase in capacity in Nano CoS + Nano S compared 




Figure 3.12. (a) XRD pattern for CoS. (b) Cycling performance of the sulfur nanoparticles with 
CoS. The current density is 20 mA/g. 
 
 To understand the origin of the catalytic effect of CoS in a Na-S battery. We carried out 
Raman spectroscopy to study the interaction between Na2S and CoS. Figure 3.13 shows the 
Raman spectra of Na2S, CoS, and Na2S + CoS. The pure Na2S spectrum exhibits a peak at 187 
cm-1, consistent with previous studies.8 The CoS spectrum exhibits no peaks in the Raman shift 
region shown. Prior work on partially oxidized samples revealed a peak at 382 cm-1 attributed to 
CoS.85 This peak was not observed in the fully reduced sample here. A new broad peak emerges 
in the Na2S + CoS spectrum. The peak exhibits its maximum from 439 cm
-1 to 490 cm-1. This 
broad band has been attributed to Na2S2 (457 cm
-1) and Na2S4 (437 cm
-1).8,86 The emergence of 
this peak indicates that the presence of CoS facilitates the oxidation of Na2S to products such as 
Na2S2 and Na2S4. We suggest the CoS is then partially reduced. Raman spectroscopy results 





Figure 3.13. Raman spectra of Na2S, CoS and Na2S + CoS. 
 
3.4 Discussions 
 The results above show that addition of Co nanoparticles to a Na-S cathode yields 
increased S utilization and better cyclability relative to a Na-S cathode absent the Co 
nanoparticles. The effect appears to be greatest in systems that have a higher nanoparticle density 
relative to that with a lower concentration of Co nanoparticles. Interestingly, the XPS studies, 
together with TEM and SAED, suggest that the Co converts to become CoS during battery 
cycling. Thus the electrocatalyst which facilitates Na2S oxidation is CoS rather than Co 
nanoparticles or Co oxides (Figure 3.14). CoS is determined to pose a catalytic effect on sulfur 
reactivity. The conversion of Co to CoS is irreversible, as suggested by the XPS measurements 
on CoNC@S before and after cycling, which is consistent with previous studies.84 In CoNC@S, 
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the irreversible conversion of the 9.3% Co to CoS would consume 5% S and thus lead to a 5% 
decrease in the 1675 mAh/g theoretical capacity of S (84 mAh/g).  
 
Figure 3.14. The schematic diagram of the catalytic effect of Co nanoparticles in a Na-S battery. 
Co nanoparticles convert to CoS after cycling. CoS facilitates Na2S oxidation.  
 
 With regarding to transformation of Co to CoS in our system, previous studies have 
shown that CoS can form by electrochemically cycling Co in Na2S4 solution via cyclic 
voltammetry.84 Other studies have reported on synthesis of CoS by immersing Co3O4 into Na2S 
solution.87,88 In this study, we show that the S8 + Co environment in the cathode also facilities a 
redox reaction wherein Co metal is converted to CoS at the potentials experienced by the Na-S 
cathode. We note that in prior studies, conversion of Co into CoS (in a context different from 
that reported here) required repeated (250 cycles) oxidation/reduction of a Co surface in Na2S4 
solution via cyclic voltammetry. This result suggests the conversion of Co into CoS is slow and 
further suggests that repeated cycling is required to obtain CoS formation (10 cycles in our 
study).84 The conversion of Co to CoS is not observed in differential capacity plots. Since CoS 
formation takes place slowly through multiple cycles, charge passed from the sulfur consumption 
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required to convert Co into CoS would spread out over multiple cycles, and would be hard to 
observe relative to the charge from general Na-S reactivity. 
 In addition, the postmortem Co 2p XPS spectra shows no change between the charge and 
discharge samples (Figure 3.8a), indicating that the Co valence state is stable within the 1.0-2.7 
V window used for cycling and thus the CoS formed during cycling is stable. In agreement with 
our XPS data, previous studies have reported that CoS is only redox active in Na systems below 
1 V.69  
 We used Raman to investigate the origin of the electrocatalytic activity of CoS in the Na-
S cathode. The emergence of peaks associated with Na2S2 and Na2S4 after mixing Na2S with CoS 
suggests that Na2S is converted to more oxidized sodium sulfides in the presence of the CoS. 
This result supports the presence of a catalytic effect associated with CoS in Na-S batteries. The 
CoS promotes facile oxidation of Na2S. Indeed, the facile conversion of Na2S enabled by CoS is 
demonstrated by the higher charging capacity in the presence of higher Co content in both the 
CoNC@S (Figure 3.4) and Nano Co + Nano S (Figure 3.10) systems. 
 Our study demonstrates the importance of postmortem studies in understanding Co-based 
electrocatalysts in sulfur battery systems. To utilize sulfur redox reactivity, sulfur batteries are 
cycled to quite reducing potentials. Since the electrocatalysts are usually prepared under ambient 
conditions, the Co species in the as-prepared cathode are likely to exhibit valence states different 
from those occurring at the actual operating potentials of the sulfur battery. The stability window 
of the catalyst must be taken into consideration, as pointed out in previous studies incorporating 







 In summary, we utilized a MOF-derived Co-decorated CoNC porous carbon as sulfur 
host in a Na-S battery. A NaFSI/DME/BTFE concentrated electrolyte is used for the first time 
with a sulfur cathode to mitigate polysulfide dissolution. We found that the presence of Co 
promotes high sulfur utilization. Postmortem XPS, TEM, and SAED show that CoS is formed in 
place of Co nanoparticles and CoN4 sites during cycling. Raman spectroscopy supports the 
catalytic effect of CoS on Na2S oxidation to Na2S2 and Na2S4. Our study highlights an 
opportunity to explore cobalt sulfides/carbon composites as catalytic sulfur host for high-
performance Na-S batteries. 
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Chapter 4: CoS2 as a Sulfur-Redox Active Cathode Material for High Capacity Non-
Aqueous Zn Batteries 
 
Reproduced with permission from Zhang, R.; Pan, C.; Nuzzo, R. G.; Gewirth, A. A. CoS2 as a 
Sulfur Redox-Active Cathode Material for High-Capacity Nonaqueous Zn Batteries. J. Phys. 
Chem. C 2019. 123, 8740−8745. Copyright 2019 The Journal of Physical Chemistry. 
 
4.1 Introduction 
 The increasing demand for energy storage densities in electric vehicles and portable 
electronics is making evident the need for a “beyond Li-ion” technology.1 Multivalent-ion 
batteries have emerged as promising candidates to this end.2 These batteries include a 
multivalent metal anode (e.g., Mg, Zn, and Ca), which possesses a higher inherent volumetric 
capacity compared to Li-ion batteries (LIBs).  Zn exhibits a volumetric capacity of 5851 
mAh/mL, which is higher than that of Mg and Ca (3833 mAh/mL and 2073 mAh/mL).3 In 
addition, the development of non-aqueous Zn electrolytes allows reversible electrodeposition on 
a Zn anode and a wide electrochemical window.4 Zn metal also possesses advantages such as 
safety and high natural abundance as well as being environmentally benign. In part for these 
reasons, a high capacity non-aqueous Zn-ion battery would be a prospective alternative to current 
Li-based energy storage devices. 
 Several new materials have been reported as cathodes for Zn-ion batteries utilizing a non-
aqueous Zn electrolyte. Bilayer V2O5 has been reported to have a maximum capacity of 196 
mAh/g in Zn(TFSI)2 in acetonitrile.
5 -MnO2 exhibits a capacity of 123 mAh/g in the same 
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electrolyte.6 Our group previously reported ZnAlxCo2-xO4
7 and ZnNixMnxCo2-2xO4
8 spinels with 
capacities of 134 mAh/g and 180 mAh/g respectively in Zn(OTf)2 in acetonitrile.  
 As noted above, previous studies on cathode materials for Zn-ion battery have been 
focusing on metal oxides. Transition metal sulfides, including Chevrel phases,9,10 Ti2S4 spinel,
11 
and layered TiS2,
12 are among the few known cathode materials for use in a Mg-ion battery at 
room (or slightly elevated) temperature. Unlike oxide cathode materials, in which the Mg2+ 
would exhibit sluggish kinetics, metal sulfides benefit from the weaker coulombic interaction 
between the multivalent cation and a soft sulfur anion, enhancing ion mobility and facilitating 
reversible intercalation.11 In a manner similar to Mg2+, it is likely that suitable metal sulfides 
could enhance ion mobilities of Zn2+ within the lattice.   
 High capacity can also be associated with anionic redox activity in cathode materials.13 
Traditional cathode materials usually contain cationic redox centers, in which redox reactions 
take place on transition metal ions. Anionic redox chemistry involves an anionic redox center 
(e.g. O, S and P) with a smaller atomic mass, thus promising a higher capacity per unit mass. Li-
rich layered oxides, including Li2IrO3
14 and Li[Li0.2Ni0.2Mn0.6]O2,
15, have been reported to 
exhibit capacities up to 300 mAh/g in LIBs, with a reversible 2 O2- (O2)
n- redox reaction along 
with conversions of Mn+ M(n+1)+.  Metal sulfides, such as pyrites (FeS2 and CoS2)
16,17,18,19 and 
patronite (VS4),
20,21 have been reported to exhibit reversible sulfur redox activity between S2
2- 2 
S2- in Li/Na-ion batteries, where a metal-bound disulfide bond (S-S)2- undergoes breakage and 
reformation.  Given the sluggish kinetics of multivalent cations in oxide lattices, metal sulfides 
with sulfur anion redox centers suggest themselves as promising candidates for use as cathode 
materials in high capacity Zn-ion batteries. 
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 Among the anionic redox active metal sulfides, the pyrites (FeS2 and CoS2) exhibit both 
low-cost and high-earth-abundance, which are desirable for mass production. Primary Li/FeS2 
batteries were in fact commercialized in the 1980s.22 In non-aqueous Li-ion batteries, eqn (1) has 
been proposed for the first discharge step of pyrites (M = Fe, Co). Further discharge would lead 
to the conversion reaction forming Li2S and metal M.
23 The latter conversion reaction, however, 
leads to drastic capacity 
   MS2 + 2Li  Li2MS2            (1) 
fade due to a redox shuttle consisting of polysulfide species.17 On the other hand, the first 
discharge step alone can afford a high capacity of > 400 mAh/g.24 Hu et al. reported a capacity 
loss of less than 10% after 20000 cycles when adjusting the cut-off voltage to allow only the 
reversible intercalation reaction.25 These findings suggest that pyrite may be a potential high 
capacity cathode material for multivalent cation storage. 
 In this work, the cycling performance of CoS2 (theoretical capacity = 435 mAh/g, crystal 
structure shown in Figure 4.1) in a non-aqueous Zn electrolyte is investigated.  We construct a 
Zn/CoS2 cell which exhibits a maximum capacity of 283mAh/g. Studies on valence state, 
compositional and structural changes reveal for the first time a reversible redox activity of S2
2-  
which mediates multivalent cation de-/intercalation. These findings show that anionic redox 






Figure 4.1. Crystal structure of CoS2. 
 
4.2 Experimental  
4.2.1 Cathode Preparation 
 CoS2 powder (99.5% pure, Alfa Aesar), Super P Li Carbon (Timcal) and polyvinylidene 
difluoride (PVDF) were mixed in a weight ratio of 6:3:1 in N-methyl-2-pyrrolidone (NMP). The 
mixture was sonicated for  1 h, cast onto a current collector (carbon paper, Ion Power Inc., 
GDL 34 BC) using a doctor blade with a thickness of approximately 25 m, and dried overnight 
at room temperature. Then the current collector was further dried in the vacuum oven at 75  for 
 2 h, then punched into a 12.7 mm diameter disk before use. The loading of active material on 
the disk was measured to be 1.0-1.2 mg, which corresponds to 0.8-0.9 mg cm-2.  
 
4.2.2 Coin Cell Assembly 
 Galvanostatic cycling measurements were carried out in 2032 coin-type cells by using a 
MTI 8 Channel Battery Analyzer. Zn foil (Sigma-Aldrich, >99.995% pure) was used as the 
counter/reference electrode. The coin cells were assembled in an Ar-filled glovebox, which 
contains < 4 ppm of O2 and < 0.1 ppm of H2O. A Celgard 2325 membrane was employed as 
separator.  0.3 M Zn(OTf)2 in acetonitrile (Sigma Aldrich) (electrolyte ~53 ppm H2O as 
measured by Karl Fischer titration) was used as electrolyte. 200 ppm 1,4-
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Diazabicyclo[2.2.2]octane (DABCO) was added into the electrolyte to prevent acetonitrile 
polymerization as reported previously.7 Cyclic voltammetry (CV) measurements were carried 
out using a CH Instruments electrochemical workstation (Model 620A, Austin, TX).  
 
4.2.3 Characterization 
 X-ray Photoelectron Spectroscopy (XPS) studies were performed using Kratos Axis 
ULTRA X-Ray Photoelectron Spectrometer with focused monochromatized Al K  radiation 
(1486.8 eV). CasaXPS software was used for peak analysis. To minimize exposure to air and 
moisture, the cathodes were stored and transferred in Ar. Scanning Electron Microscopy (SEM) 
imaging was performed using a JEOL JSM-6060LV with an accelerating voltage of 20kV. EDX 
(Energy-dispersive X-ray spectroscopy) studies were carried out on an Oxford Instruments ISIS 
EDX attached to the SEM. IXRF analysis software was used to performed quantitative analysis 
on EDX data. The X-ray Diffraction (XRD) measurements were carried out using a 
Siemens/Bruker D-5000 instrument with a Cu K  radiation source, which generates X-rays of 
energy 8 keV (1.5418 Å). XRD pattern analysis was carried out using Jade 9.0 software. The 
electrochemical impedance spectroscopy (EIS) was performed on a Biologic potentiostat (Model 
SP-150, France). The ac perturbation signal was ±10mV and the frequency ranged from 10 mHz 
to 1 MHz. The analysis of the spectra was carried out using Zview software (Scribner Associates 
Inc.). 
 
4.3 Results and Discussions   
4.3.1 Electrochemical Performance  
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 Figure 4.2a shows the cyclic voltammogram (CV) of CoS2 in 0.3 M Zn(OTf)2 in 
acetonitile during the first discharge and the following three cycles, as obtained at a scan rate of 
0.5 mV/s. The first discharge exhibits a peak at 0.08 V.  An additional peak at 0.65 V appears 
during discharge in the following cycles, with the peak at lower potential decreased in 
magnitude. This behavior is consistent with previous reports on the electrochemical cycling of 
pyrites using either Li or Na. 16,26 The presence of the additional peak at 0.65 V on the second 
cycle indicates that the recharge process does not follow the reverse path of the first discharge. 
This change between first and subsequent cycles is consistent with previous studies of Li+ 
intercalation in pyrites, where the Li2MS2 (M = Co, Fe) produced from Li
+ intercalation during 
the first discharge forms a new phase, into which a reversible intercalation of Li+ takes place at a 
higher potential.16,17,27,28 Starting from the third cycle, an additional shoulder peak appeared prior 
to the cathodic peak at lower potential during discharge. The presence of shoulder peak can be 
attributed to irreversible structural changes, as have been similarly reported for transition metal 
oxide cathode materials.29,30  
 The charging process exhibits a peak at 1.37 V. The gradual shift of the anodic peak to a 
more positive voltage upon cycling might be caused by irreversible structural changes due to 
repeated cycling, which has been observed in the Li/CoS2 battery.
31 
 
Figure 4.2 (cont.)  
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Figure 4.2. (a) CV for the first 4 cycles of CoS2. (b) Charge-discharge curves for the first 4 
cycles at a 0.05 C rate. (c) Cycling data for Zn/CoS2 coin cell operated at a 0.25 C rate.  
 
 Figure 4.2b shows the charge-discharge curves of the first discharge and the following 
three cycles of a Zn/CoS2 coin cell at a 0.05 C rate. The first discharge exhibits a capacity of 156 
mAh/g, with only one plateau at 0.1 V. The second discharge exhibits a capacity of 283 mAh/g, 
with a new plateau and onset at 1.1 V, which is consistent with the CV. This capacity is 65% of 
the theoretical capacity, indicating an insufficient utilization of the active material, possibly due 
to diffusion limitation of Zn2+ within the cathode. Controlled experiments were carried out to 
rule out the possible capacity contribution from carbon.32 Coin cells with only carbon and PVDF 
on carbon paper exhibit negligible capacity (Figure 4.3). The cycling data measured at a 0.05 C 
rate shows a dramatic decrease in discharge capacity as well as Coulombic efficiency (C.E.) after 
the initial cycles (Figure 4.4). This decrease might be caused by dissolution and/or oxidation of 
CoS2 active material during charge causing a shuttle effect.
33  The presence of dissolution is 
supported by XPS spectra (Figure 4.5), where metallic cobalt and sulfide species are observed on 
the Zn anode after cycling.  The dissolution of active material can be mitigated, however, by 
increasing the C rate. Figure 4.2c shows the cycling data of a coin cell operated at a 0.25 C rate 
for 100 cycles. The second cycle exhibits a discharge capacity of 139 mAh/g. The 100th cycle 




Figure 4.3. Cycling data of blank electrode (carbon and PVDF) and CoS2. 
 
      
Figure 4.4. Cycling data for Zn/CoS2 coin cell at a 0.05 C rate. C.E. stabilizes after 10 cycles, 





Figure 4.5. XPS spectra for (a) Co 2p and (b) S 2p on Zn anode after 30 cycles. The peaks at 
777.9 eV in (a) and 161.9 eV in (b) indicate the presence of metallic Co and S2- species 
respectively.25,34,35,36 
 
4.3.2 Electrochemical Reaction Mechanism 
 In order to evaluate the reaction mechanism in the Zn/CoS2 battery, we performed XPS 
studies on the charged and discharged cathode.  Figure 4.6a shows the S 2p spectra obtained 
from the discharged and charged cathodes, with peak analyses given in Table 4.1. From the 
analyses, the two main peaks at 162.8 eV (2p3/2) and 164.0 eV (2p1/2) are attributed to the 
presence of S2
2-, which is consistent with previous studies.37,38,39 Upon discharge, two peaks at 
161.7 eV (2p3/2) and 162.9 eV (2p1/2) emerge, which indicates the presence of S
2- species.25, 34 
These peaks decrease in intensity significantly in the charged sample. This result supports the 
presence of a reversible sulfur redox: S2
2- 2 S2-. The small peaks at 161.7 eV (2p3/2) and 162.9 
eV (2p1/2) in the XPS of the charged sample indicates that a small portion of S
2- remains present 
after charging. The presence of a small amount of S2- is supported by the presence of residual Zn 
in the EDX of the charged cathode (Figure 4.8f). The peak at 170.3 eV reveals the presence of 
sulfate species at the surface, possibly arising from the formation of a solid electrolyte interphase 
(SEI). We note in support of this suggestion that peaks of similar binding energy were observed 
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in the SEI formed in Li-ion batteries with Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 
and Lithium bis(fluorosulfonyl)imide (LiFSI) in Ethylene Carbonate (EC) as electrolytes.40   
 Figure 4.6b shows the Co 2p spectra obtained from the discharged and charged cathodes. 
In both samples, the two peaks seen at 778.6 eV (2p3/2) and 793.7 eV (2p1/2) originate from the 
Co2+ in CoS2. The two peaks appearing at 780.7 eV and 795.9 eV are satellite peaks. These core 
level features are consistent with previous studies on pristine CoS2 materials.
38,39,41,42,43 No 
evident differences are evidenced in the two spectra, indicating that there is no change in the 
Co2+ valence state during electrochemical cycling.  Further XPS study were carried out on 
samples at different voltage stage in initial and second cycles (Figure 4.7). S 2p spectra is 
consistent with Figure 4.6a, with the emergence of peaks at 161.8 eV in the discharge states, 
indicating the reduction of S2
2- to S2-. In the Co 2p spectra, the spectra of the pristine and first 
discharge samples contain an additional peak at 780.9 eV and 781.7 eV, which can be attributed 
to satellite peaks of oxidized Co species in the passivation layer on the CoS2 surface.
37,44 These 
peaks are absent after first charge, suggesting that the oxidized Co species have been removed 
from the surface. No evident change is observed on the Co 2p peaks originating from Co2+ in 
CoS2 among the various voltage states. This lack of oxidation state change in the Co is consistent 
with previous studies on pyrites in Li/Na-ion batteries, where reversible sulfur redox activity S2
2-





Figure 4.6. XPS spectra for (a) S 2p and (b) Co 2p on CoS2 cathodes.  
 
Table 4.1. XPS fitting components of S 2p and Co 2p spectra in Figure 4.6.  
S 2p Charge   Discharge  
Pos. Area% FWHM Pos. Area% FWHM 
162.9 0.1 eV 40.9 0.1 1.05 162.8 0.1 eV 32.2 0.1 1.05 
164.1 0.1 eV 24.6 0.1 1.05 164.0 0.1 eV 19.8 0.1 1.05 
170.3 0.1 eV 29.0 0.1 2.48 170.3 0.1 eV 27.9 0.1 2.49 
161.5 0.1 eV 3.7 0.1 1.10 161.7 0.1 eV 13.4 0.1 1.10 
162.7 0.1 eV 1.8 0.1 1.10 162.9 0.1 eV 6.7 0.1 1.10 
Co 2p Charge   Discharge  
Pos. Area% FWHM Pos. Area% FWHM 
778.6 0.1 eV 43.4 0.1 1.64 778.6 0.1 eV 43.6 0.1 1.60 
780.7 0.1 eV 30.5 0.1 4.00 780.7 0.1 eV 30.5 0.1 4.00 
793.8 0.1 eV 17.9 0.1 1.64 793.7 0.1 eV 17.3 0.1 1.60 







Figure 4.7. XPS spectra for (a) S 2p and (b) Co 2p on CoS2 cathodes at various voltage states in 
1st and 2nd cycles. 
 
 SEM and EDX studies are carried out on the pristine (Figure 4.8a and 4.8b), discharged 
(Figure 4.8c and 4.8d) and charged cathodes (Figure 4.8e and 4.8f). Quantitative analyses of the 
relative amounts of Zn, Co and S are included in the EDX spectra. No major morphological 
changes between the three conditions are evident in the SEM images (Figure 4.8a, 4.8c and 
4.8e). Figure 4.8b shows that in the pristine cathode, the Co:S ratio is 0.51 : 1.00, in close 
accordance with the expected value.  Upon discharge, an increase in Zn content is observed, 
wherein the Zn:Co:S ratios are 0.23 : 0.49 : 1.00 (Figure 4.8d). The corresponding ratio in the 
charged sample (Figure 4.8f) is 0.04 : 0.51 : 1.00. EDX mapping indicates that the Zn content is 
evenly distributed in the electrode material (Figure 4.9). The difference in Zn:S ratio corresponds 
to a discharge capacity of 165 mAh/g. This capacity is lower than the experimentally (coin cell) 
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derived capacity (212 mAh/g, as shown in Figure 4.4), which indicates that the redox mediated 
Zn2+ insertion is not the only process contributing to the high capacity. 
 
Figure 4.8. SEM and EDX for pristine (a, b), discharge (c, d) and charge (e, f) cathodes. The 
atomic percentage of Zn, Co and S are inserted.  
 
 




 To look into the relative contributions of Faradaic and capacitive processes to the total 
capacity, we used cyclic voltammetry following a method that has been previously reported for 
studies of pyrites in Li/Na-ion battery chemistries (Figure 4.10).46,47,48,49 From this analysis, the 
ratio between capacities coming from capacitive and Faradaic processes was determined to be 
0.23 : 1.  The total capacity is therefore found to be 203 mAh/g, of which 165 mAh/g is Faradaic 
in nature and 38 mAh/g is capacitive. This capacity matches well with the value derived 
experimentally.   
 
Figure 4.10. (a)  CV of CoS2 at various scan rates. (b) Fitted lines for ln(i) and ln(v), where i 
represents the peak current for the two reduction peaks, and v represents scan rate. The slope of 
the line is the b-value, which yield information on the degree of contribution of capacitance to 
the current. Since current produced from redox mediated intercalation follows  while that 
from capacitance follows , a b-value close to 0.5 would indicate a Faradaic process, while a 
b-value much greater than 0.5 would indicate a significant contribution from capacitance. The b-
values for the first and second peaks are ~0.8. This means that the capacitance contribution 
cannot be omitted. (c) Fitted curves for current and (scan rate)^(1/2) of the two reduction peaks. 
With contribution from both redox mediated intercalation and capacitive effect, the total current 
is a combination of the two, where . The two formulas derived from the fitting 
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Figure 4.10. for the first and second peaks are  
and  respectively. 
 
 XRD studies were carried out to examine the structural evolution of the material during 
cycling. The ex situ XRD patterns of pristine, discharged, and charged cathodes are shown in 
Figure 4.11, with peaks related to CoS2 labelled with their corresponding Miller indices. Upon 
discharge, these CoS2-related peaks decrease in intensity, with new peaks emerging at 32.8
o and 
58.7o. After charging, the peaks for CoS2 partially regain their intensity, while the new peaks 
found in the discharged state decreasing in intensity. No peak shifts are observed. The decrease 
in peak intensity seen upon discharge, and the partial regain of this peak intensity upon recharge, 
is consistent with the findings of previous reports on pyrites used in Li/Na-ion battery 
chemistries.  Here, an irreversible change in the pyrite structure takes place during the first 
discharge process, producing a new phase Li2MS2/Na2MS2 (M = Co, Fe), which facilitates 
reversible Li+ and Na+ intercalation at a higher potential.17,18,28 The new peaks emerging  after 
discharge in Fig. 4.11 can be attributed to a new phase produced from Zn2+ intercalation into the 
active material. However, due to the limited number of peaks, possibly caused by poor 
crystallinity in the new phase50, we cannot assign an explicit phase to the peaks with certainty. 
We do note that similar peaks in XRD spectra have been reported in Na/FeS2 systems, which 
were assigned to a NaxFeS2 phase.
25,50 LixTiS2 (0 x 3) has also been reported to exhibit similar 
diffraction peaks.51 Taken together, the data suggest that new phase produced might be a 
ZnxCoS2 phase, in which reversible Zn
2+ intercalation can take place. The XRD results, together 
with the data coming from valence state and compositional studies, supports a reversible S2
2-/S2- 
redox-mediated intercalation of Zn2+ into CoS2, with a new phase formed irreversibly.  The latter 
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allows the reversible Zn2+ intercalation seen at a higher potential in subsequent cycles, mediated 
by S2
2-/S2- redox as well. Taken together, these findings suggest that CoS2 is an anionic redox 
active cathode material potentially suitable for use in non-aqueous Zn batteries. Furthermore, 
various studies have reported on the synthesis of desired architecture for CoS2, which mitigates 
its dissolution in electrolytes, promising improved cycling at low C-rate.52,53,54  
 
Figure 4.11. Ex-situ XRD patterns for pristine, discharge and charge cathodes. The new peaks 
emerged upon discharge are labelled in *. 
 
 We performed EIS studies to study the evolution of cell performance with cycling. Figure 
4.12a shows the Nyquist plots of the cell at selected cycles. The capacitive behavior suggested 
by the tendency towards a vertical line in the very low frequency region in the Nyquist plots 
agrees with our scan rate study on the capacitance contribution, and is also consistent with 
previous studies on pyrites in Li and Na systems.25,55 The analyses of the Nyquist plots were 
carried out by using Zview software with the equivalent circuit shown in Figure 4.12b. The 
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adoption of this equivalent circuit follows metrics established in previous studies on electrode 
materials with capacitive behavior.56,57 The fitted EIS analyses of cycles 2 and cycle 50 are 
included in Figure 4.13. Cycle 2 exhibits a minimum charge transfer resistance Rct of 230 , 
which can be attributed to the electrochemical polishing of the passivation layers on the Zn 
metal5,58 and CoS2, as observed in the XPS spectra of the pristine and first discharge cathodes 
(Figure 4.7), during the first charge. A passivation layer resistance Rpl of 25  is found, which 
might be due to the formation of SEI. After cycle 2, the semicircles in the high to medium 
frequency ranges in Nyquist plots enlarge, indicating an increase in Rct. The measured value of 
Rct is stable after 40 cycles. At cycle 50, the Rct and Rpl are 493  and 24  respectively. The 
increase seen in Rct may be due to the formation of a passivation layer containing cobalt and 
sulfide species on the Zn anode after repeated cycling, a suggestion consistent with core level 
data measured in XPS spectra of the cycled Zn anode (Figure 4.5). 
 
Figure 4.12. (a) Electrochemical impedance spectra of Zn/CoS2 coin cell at selected cycles and 




Figure 4.13.  Fitted impedance spectra for the 2nd cycle and the 50th cycle based on equivalent 
circuit in Figure 4.12b. 
 
4.4 Conclusions 
 In conclusion, we provide data demonstrating a reversible non-aqueous Zn-ion insertion 
into CoS2 cathode system, yielding a Zn/CoS2 non-aqueous battery exhibiting a maximum 
capacity of 283 mAh/g. Valence state, compositional and structural studies support anionic redox 
activity associated with S2
2- , activities directly mediating reversible Zn-ion intercalation.  This is 
the first instance of such mediation found to be active in a multivalent system. These findings 
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 Appendix A: Notes for Attenuated Total Reflectance Surface Enhanced Infrared 
Absorption Spectroscopy 
 
A.1 Spectroelectrochemical Cell Design 
 The spectroelectrochemical cell for attenuated total reflectance surface enhanced infrared 
absorption spectroscopy (ATR-SEIRAS) was built in physics-MRL machine shop under project 
title ‘SEIRAS CELL’. The spectrochemical cell was designed based on previous studies.1 The 
detailed components of the cell are shown in Figure A.1a. The working electrode is the thin 
metal film evaporated onto a prism. An o-ring is pressed onto the metal film surface to seal the 
cell and prevent leakage of the electrolyte. A Au wire is placed outside the o-ring and also 
pressed onto the metal film surface to make the electrical contact for the metal film working 
electrode. The counter electrode and reference electrode are placed into the electrolyte through 
Flangeless fittings from the wall of the cell. The Flangeless fitting contains a Flangeless nut, a 
tubing, and a Flangeless ferrule. The metal wires/electrodes are fed through the tubing, and the 
diameter of the wires should be the same as the inner diameter of the tubing. This setup is crucial 
for the seal of the cell to prevent electrolyte leakage. The image of the cell placed on an 
attenuated total reflectance (ATR) accessory is shown in Figure A.1b.  
 
Figure A.1 (cont.)  
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(a) Components of the spectroelectrochemical cell for ATR-SEIRAS. (b) Image of the 
spectroelectrochemical cell for ATR-SEIRAS on an ATR accessory. 
 
A.2 Preparation for SEIRAS Measurements 
 The thin metal film is deposited onto the prism through electron beam physical vapor 
deposition. In this study, the deposition process is carried out using E-beam 4 at MRL. 20 nm of 
Au is deposited onto a Si wafer (the prism) at a rate of 0.01 nm/s. The slow deposition rate is 
crucial to achieve a rough metal surface, which is necessary for surface enhancement.2 When the 
metal film is too thick, signal at the metal film/electrolyte interface would decrease, since the IR 
beam is reflected from the prism side/back side of the metal film. Cyclic voltammetry in 0.1 M 
H2SO4 is necessary to activate the surface enhancement effect of the metal film. For this process, 
cyclic voltammetry is first carried out, and potential hold at positive and negative potentials 
follows to check whether different peak intensities for water and sulfate can be observed at 
different potentials. If no spectra difference can be observed, the metal film has not been 
activated, and cyclic voltammetry needs to be repeated until metal film surface IR activation is 
achieved. The activation of the metal film can be confirmed once different peak intensities 
(positive/negative absorbance) of water and sulfate can be observed at positive/negative 




Figure A.2. SEIRAS spectra of 0.1 M H2SO4 at 0.3 V and -0.6 V for metal thin film surface IR 
activation process. 
 
 The setup for SEIRAS in this study is built on a Nicolet Magna-IR 550 spectrometer. 
Continuous purging of N2 gas is required to remove CO2 and water vapor inside the 
spectrometer, so that their noise level in the IR spectra can be removed. For current setup, the N2 
purging time needs to be greater than 3 hours to obtain low H2O noise level. Improvement on the 
seal of the spectrometer setup can lower the purging time. 
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Appendix B: Dimensions of Pike Technologies VeeMAX III Attenuated Total Reflectance 
Accessory 
 
 
